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Abstract

The Tibetan Plateau (TP) is the origin of many large Asian rivers, which provide water
resources for large regions in south and east Asia. Therefore, the water cycle on the TP and
adjacent high mountain ranges, in particular the precipitation distribution and variability play
an important role for the water availability for billions of people in the downstream regions
of the TP. The respective influence of the Indian and East Asian summer monsoon on TP
precipitation and regional water resources, together with the detection of moisture transport
pathways and source regions are the subject of recent research.

The aim of this thesis is to gain a better understanding of the spatial and temporal
precipitation variability on the TP. In order to do so we examine the moisture transport to
and on the TP, analyse the underlying processes leading to enhancement or suppression of
precipitation, and examine how those processes are affected by the mid-latitude westerlies
and the monsoon system. A newly developed high-resolution dataset, the High Asia Refined
analysis (HAR), is used to examine atmospheric water transport (AWT) and dynamical
factors that influence precipitation variability in the TP region. The HAR is the result of
dynamically downscaling an operational analysis. Due to the higher spatial and temporal
resolution of the HAR, it better represents the complex topography of the TP and surrounding
high mountain ranges than coarse-resolution data sets like reanalyses, thereby reducing
precipitation biases.

Analysing the AWT, we focus on spatiotemporal patterns, vertical distribution and
transport through the TP boundaries. The results show that the mid-latitude westerlies have a
higher share in summertime AWT over the TP than assumed so far. High mountain valleys
in the Himalayas facilitate AWT from the south, whereas the high mountain regions inhibit
AWT to a large extent and limit the influence of the Indian summer monsoon. Our results
show that 36.8±6.3% of the atmospheric moisture needed for precipitation comes from
outside the TP, while the remaining 63.2% is provided by local moisture recycling.

We use monthly correlations of selected dynamic variables with the precipitation to
analyse what controls precipitation variability on the TP and in the surrounding high mountain
regions. The selected variables, called dynamic precipitation controls, are the wind speed at



300 hPa wind and the wind speed 2 km above ground, the vertical wind speed at 300 hPa, the
vertically integrated atmospheric water transport, and the height of the planetary boundary
layer. We focus on the seasonality and the spatial variability of the relationship between
dynamic controls and precipitation.

Results show that different controls have different effects on precipitation in different
regions and seasons. For example, the 300 hPa wind speed has a positive effect in the western
parts of the study region in winter and spring, while it has a negative effect on precipitation
on the TP in summer by cutting off deep convection. The positive correlation of AWT with
precipitation is higher in winter at the high mountain ranges in the western part of the study
region, than in summer on the central TP. This result shows that on the central TP the strong
convection in summer is able to produce precipitation with the moisture available from local
sources, emphasising the importance of moisture recycling.

Those results illustrate that the effect of dynamic controls on precipitation variability
depends mainly on the dominant type of precipitation, i.e. convective or frontal/cyclonic
precipitation.

This thesis shows that the impact of the midlatitude westerlies on precipitation variability
on the TP is strong, not only in winter, by enhancing moisture advection for orographic and
frontal precipitation in the western parts of the study region but also in summer by cutting off
deep convection on the TP and in other regions and seasons where and when precipitation is
mainly convective. Additionally, the westerlies deliver more moisture to the TP in summer
than assumed so far.
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Zusammenfassung

Das Tibetische Plateau (TP) ist der Ursprung vieler großer asiatischer Flüsse, die große
Gebiete in Süd- und Ostasien mit Wasser versorgen. Daher spielen der Wasserkreislauf auf
dem TP und in den angrenzenden Hochgebirgen, insbesondere die Niederschlagsverteilung
und -variabilität, eine wichtige Rolle für die Wasserverfügbarkeit für Milliarden von Men-
schen in den dem TP nachgelagerten Regionen. Der jeweilige Einfluss des indischen und
ostasiatischen Sommermonsuns auf TP-Niederschläge und regionale Wasserressourcen sowie
die Identifizierung von Feuchtigkeitstransportwegen und Quellregionen sind Gegenstand
aktueller Forschungsarbeiten.

Ziel dieser Arbeit ist es, die räumliche und zeitliche Niederschlagsvariabilität auf dem
TP besser zu verstehen. Zu diesem Zweck untersuchen wir den Feuchtigkeitstransport zum
und auf dem TP, analysieren die zugrunde liegenden Prozesse, die zu einer Verstärkung
oder Abschwächung des Niederschlags führen, und untersuchen, wie diese Prozesse durch
die Westwinde der mittleren Breiten und das Monsunsystem beeinflusst werden. Ein neu
entwickelter hochauflösender Datensatz, die High Asia Refined Analysis (HAR), wird
verwendet, um den atmosphärischen Wassertransport (AWT) und dynamische Faktoren zu
untersuchen, die die Niederschlagsvariabilität in der TP-Region beeinflussen. Die HAR ist
das Ergebnis des dynamischen Downscaling einer operationellen Analyse. Aufgrund der
höheren räumlichen und zeitlichen Auflösung der HAR wird die komplexe Topographie
des TP und der umgebenden Hochgebirgsräume besser dargestellt als bei grob aufgelösten
Datensätzen wie Reanalysen, wodurch systematische Niederschlagsfehler reduziert werden.

Bei der Analyse des AWT konzentrieren wir uns auf die raumzeitlichen Muster, die
vertikale Verteilung und den Transport durch die TP-Grenzen. Die Ergebnisse zeigen, dass
die Westwinde der mittleren Breiten einen höheren Anteil am Sommer-AWT haben als
bisher angenommen. Hochgebirgstäler im Himalaya begünstigen den AWT aus dem Süden,
während die Hochgebirgsregionen den AWT weitgehend hemmen und den Einfluss des
indischen Sommermonsuns begrenzen. Unsere Ergebnisse zeigen, dass 36,8±6,3% der für
den Niederschlag benötigten Luftfeuchtigkeit von außerhalb des TP stammen, während die
restlichen 63,2% durch lokales Feuchtigkeitsrecycling bereitgestellt werden.

Wir verwenden monatliche Korrelationen ausgewählter dynamischer Variablen mit dem
Niederschlag, um zu analysieren, wie die Niederschlagsvariabilität auf dem TP und in den
umgebenden Hochgebirgsregionen gesteuert wird. Die ausgewählten Variablen, die als dy-
namische Kontrollfaktoren des Niederschlags bezeichnet werden, sind die Windgeschwindig-
keit in 300hPa und die Windgeschwindigkeit 2km über dem Boden, die vertikale Wind-
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geschwindigkeit in 300hPa, der vertikal integrierte atmosphärische Wassertransport und
die Höhe der planetaren Grenzschicht. Wir konzentrieren uns auf die Saisonalität und die
räumliche Variabilität des Zusammenhangs zwischen den dynamischen Kontrollfaktoren und
dem Niederschlag.

Die Ergebnisse zeigen, dass verschiedene Kontrollfaktoren in verschiedenen Regionen
und Jahreszeiten unterschiedliche Auswirkungen auf den Niederschlag haben. Beispielsweise
wirkt sich die Windgeschwindigkeit in 300hPa im Winter und Frühling im Westen des
Untersuchungsgebiets positiv auf den Niederschlag aus, während sie sich im Sommer negativ
auf die Niederschläge auf dem TP auswirkt, indem sie die Tiefenkonvektion unterbricht. Die
positive Korrelation von AWT mit dem Niederschlag ist im Winter in den Hochgebirgsräumen
im westlichen Teil der Untersuchungsregion höher als im Sommer auf dem zentralen TP.
Dieses Ergebnis zeigt, dass die starke Konvektion auf dem zentralen TP im Sommer in der
Lage ist Niederschlag mit der aus lokalen Quellen verfügbaren Feuchtigkeit zu erzeugen,
was die Bedeutung des Feuchtigkeitsrecyclings unterstreicht.

Diese Ergebnisse veranschaulichen, dass die Wirkung dynamischer Kontrollfaktoren auf
die Niederschlagsvariabilität hauptsächlich von der vorherrschenden Art des Niederschlags
abhängig ist, d. h. konvektiver oder frontaler/zyklonaler Niederschlag.

Die vorliegende Arbeit zeigt, dass die Westwinde der mittleren Breiten einen großen
Einfluß auf die Niederschlagsvariabilität auf dem TP haben. Dieser Einfluss ist nicht nur
im Winter sichtbar durch die Verstärkung der Feuchteadvektion für den orografischen und
frontalen Niederschlag im Westen des Untersuchungsgebiets, sondern auch im Sommer durch
die Kappung der Tiefenkonvektion auf dem TP und in anderen Regionen und Jahreszeiten in
denen der Niederschlag hauptschlich konvektiv ist. Zusätzlich transportieren die Westwinde
im Sommer mehr Feuchtigkeit auf das TP als bisher angenommen.
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1. Introduction

1.1 Motivation

The Tibetan Plateau (TP) is the highest and largest plateau in the world. With an average
height of more than 4500 m above sea level it is reaching in the mid-troposphere and alters
the atmospheric circulation on a large scale, due to thermal and mechanical effects, thereby
shaping the hydro-climate of its downstream regions (Hahn and Manabe, 1975).

The TP is one of the most active centres in the world water cycle and constitutes an
essential source of moisture for the downstream regions in East Asia (Immerzeel et al., 2010).
The TP is often referred to as the “world water tower” (Xu et al., 2008), as it is the source
of many large Asian rivers such as the Indus, Ganges, Brahmaputra, Yellow River, Yangtze
and Mekong, which provide water for billions of people downstream in South and East Asia
(Fig. 1.1). The transport of moisture to the TP is crucial for a sustainable water supply in
the downstream regions like the Yellow and Yangtze river valleys (Zhang et al., 2013). In
addition, the TP and its surrounding high mountain ranges are characterised by the largest
number of glaciers outside of the polar regions, giving it the name "Third Pole", large areas of
permafrost and a large number of lakes. In 2009 the "Third Pole Environment" program was
initiated to bring together scientists from all over the world working on the TP to use multi-
national resources to gain a better understanding of the atmopshere–cryosphere–hydrosphere
interactions on the TP (Yao et al., 2012a).

The TP is located in the transition zone between the midlatitude westerlies (Schiemann
et al., 2009) and the Indian and East Asian summer monsoon systems (Webster et al., 1998).
The TP influences the upper-level westerly flow due to thermal and mechanical forcing and
the westerlies are split into two branches when encountering the planet’s largest topographic
barrier and converge on its east side (Webster et al., 1998; Yanai et al., 1992). The subtropical
westerly jet (SWJ) is located south of the TP in winter, with its mean position at around
28°N (Schiemann et al., 2009). The core of the jet stream is located at 200 hPa with mean
wind speeds of 60 ms−1 (Kuang and Zhang, 2005). In spring the jet weakens and starts to
move north and is located over the TP in May. The northward shift of the jet is related to

1



Introduction

Fig. 1.1 Map of High Asia including main rivers.

the thermal contrast between land and sea due to the strong heating over the TP. Due to the
height of the TP the influence of the jet stream reaches closer to the elevated surface than
upstream or downstream of the TP. In summer the SWJ is located north of the TP and reaches
its northernmost position at 42°N in August (Kuang and Zhang, 2005; Schiemann et al.,
2009) with the mean wind speed only reaching half of its winter values. From September
onwards the SWJ moves back south to its winter position south of the TP. The transition in
spring is characterised by split jets and jumps while the movement is much more gradual in
autumn (Schiemann et al., 2009).

The Indian summer Monsoon is thought to be the most important source of moisture
for precipitation on the Tibetan Plateau. Yao et al. (2012b) and Bolch et al. (2012) list
the Indian monsoon, the mid-latitude westerlies and the East Asian monsoon as drivers of
climate variability in the TP. In previous studies, the influence of the westerlies and the
monsoon system (Fig. 1.2) was examined on the basis of the precipitation timing and was
therefore thought to be limited to winter (westerlies) or summer (Indian and East Asian
summer monsoon) (Hren et al., 2009; Tian et al., 2007; Yang et al., 2014). In a recent study
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1.1 Motivation

(Mölg et al., 2014) showed that the westerlies influence the mass balance of the Zhadang
glacier on the central TP Mölg et al. (2014) in summer and that the wind speed at 300 hPa
alone explains more than 70% of the interannual mass-balance variability of the glacier.

Fig. 1.2 Example for the famous Figure 1 used in many publications to schematically illustrate
the influence of the westerlies and the monsoon systems on the Tibetan Plateau (Yang et al.,
2014).

During the last three decades the TP experienced an overall warming and wetting (Yang
et al., 2014, 2011), which has a direct impact on the hydrological cycle. The warming rate
on the TP is higher than the global average (Liu and Chen, 2000). Precipitable water shows
increasing trends in the eastern and western TP and decreasing trends in the central TP for the
relatively short period of 2000–2010 (Lu et al., 2015). The poleward shift of the East Asian
westerly jet in the period 1979–2011 and the assumed intensification of the monsoon system
under climate change conditions are supposed to cause large areas of the TP to become wetter
(Gao et al., 2014). Yao et al. (2012b) describe a recent weakening of the Indian summer
monsoon. The glaciers and lakes on the TP have been used as proxies for past changes in the
climatic conditions and for monitoring ongoing changes, e.g. ice and lake sediment cores,
lake level changes, glacier retreat. Lake expansion in the central TP has intensified during
the last few decades, due to global warming and its effects on the hydrological cycle of the
TP (e.g. enhanced run-off from glaciers, permafrost degradation (Liu et al., 2010)). These
changes in the hydrological cycle due to climate change will probably impact the water
availability in large parts of South and Southeast Asia and could jeopardise the water security
of billions of people.

Interestingly not all glaciers on the TP show the same mass balance changes. While most
of the glaciers on the TP and in the Himalayas are shrinking, glaciers in the Kunlun Shan and
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Karakoram mountain rages in the north-western part of High Asia show stable mass balances
with some of them even gaining mass in recent years. This is known as the "Karakoram
anomaly" (Hewitt, 2005). By analysing ice cores, Thompson et al. (2006) found evidence
suggesting that the different growth rates of glaciers in different regions of the TP are not
only controlled by temperature but also precipitation variability.

Many studies on atmospheric water transport (AWT) in and to the TP focus on the
question of how the Indian and East Asian summer monsoon systems affect precipitation
on the Tibetan Plateau, and how changes of the monsoonal circulation impact local and
regional water resources (Gao et al., 2014; Immerzeel et al., 2013; Simmonds et al., 1999).
The origin of the atmospheric moisture over the TP plays a key role in recent research (Chen
et al., 2012; Feng and Zhou, 2012). There are three sources of moisture over the TP: the
Asian monsoon systems, the mid-latitude westerlies, and local moisture recycling. The
general assumption is that the main moisture source for summer precipitation in the TP is the
Indian summer monsoon. The surrounding high mountain ranges, Himalayas, Karakoram,
Pamir, Kunlun Shan, act as a barrier for atmospheric moisture transport. Pathways for the
moisture originating in the Arabian Sea, the Bay of Bengal and the westerlies are high
mountain valleys in the southern and western border of the TP, e.g. the Brahmaputra Channel
in the easternmost part of the Himalayas and the meridionally orientated valleys in the
central and western parts. How much moisture is transported through these channels and
how much moisture the mountain ranges block highly depends on the representation of the
underlying orography and therefore on the horizontal resolution of the used datasets. You
et al. (2012) showed that the reliability of precipitation data from global atmospheric datasets,
e.g. reanalyses, is low over the TP region, due to the unrealistic representation of the complex
topography.

Shi et al. (2008) found that the representation of the meso-scale orography of the TP is
important to realistically model disturbances which can impact the precipitation downstream
of the TP. The weather systems originating over the TP can move off the TP and trigger
extreme precipitation and severe flooding in heavily populated regions like the Sichuan
basin and the Yangtze River valley (Feng et al., 2014; Tao and Ding, 1981). Moisture
transport on and to the TP is influenced by mesoscale features (Sugimoto et al., 2008) and
moisture transport to the TP from the south was found to be important for the development
of convective clouds (Yasunari et al., 2006). The strong convection on the TP in summer
facilitates transport of water vapour from the troposphere to the lower stratosphere (Tian
et al., 2011).

One method to identify the sources of moisture is to analyse the isotopic composition
of (i) precipitation, e.g. observed and modelled stable oxygen isotope ratios (δ 18O) and
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hydrogen isotope values (δD) (Araguás-Araguás et al., 1998; Tian et al., 2007; Yao et al.,
2013) and the isotopic composition of (ii) the water in rivers and smaller water streams (Hren
et al., 2009) and of (iii) climate proxies such as ice and sediment cores (An et al., 2012;
Guenther et al., 2013; Günther et al., 2011; Joswiak et al., 2013; Kang et al., 2007). During
phase transitions like evaporation and condensation the isotopic composition of water, i.e. the
ratio between heavy and light isotopes, changes (Dansgaard, 1964). Heavy isotopes become
enriched in the liquid phase while lighter isotopes are more likely to occur in the vapour
phase. This process, called fractionation of stable water isotopes, leads to unique isotopic
compositions for different waters, which can indicate their source or the process that formed
them.

Climate proxies can be used to analyse the moisture conditions on the plateau and its
source regions in the past. An et al. (2012) analysed a sediment core from Lake Qinghai
in the north-east of the TP that reaches back 32 ka. They focused on the interplay of the
westerlies and the Asian monsoon and showed that there is an anti-phase relationship with
periods of dominant westerlies and periods with dominant Asian monsoon. Higher monsoon
activity during the current warming period is found by studying variations in the monsoon
intensity in the TP during the last 1000 years using data from sediment and ice cores (Günther
et al., 2011). A shift in the isotope signals implies that the contribution of westerly moisture
to the ice-core accumulation was relatively greater before the 1940s (Joswiak et al., 2013).

For the present-day conditions, various studies produce different results. Both the
southern Indian Ocean (Indian summer monsoon) (Yao et al., 2013) and the Pacific Ocean
(East Asian Monsoon) (Araguás-Araguás et al., 1998) are identified as the dominant moisture
sources for summer precipitation on the TP. The analysis of stable isotopes of precipitation
samples in western China show that the southern TP receives monsoon moisture in summer
and westerly moisture in winter (Tian et al., 2007). Hren et al. (2009), who sampled
191 stream waters across the TP and the Himalaya, found that the moisture entering the
south-eastern TP through the Brahmaputra Channel originates in the Bay of Bengal. This
monsoonal moisture is mixed with central Asian air masses the farther west and north in
the TP the sampling site is located. The role of local moisture recycling as an additional
moisture source is also emphasised in many studies (Chen et al., 2012; Joswiak et al., 2013;
Kurita and Yamada, 2008; Tian et al., 2001; Trenberth, 1999) but its importance varies in
space and time and is difficult to quantify.

Another method to investigate the moisture transport in the TP is gridded atmospheric
datasets, for example global reanalysis data, regional atmospheric models and remote sensing
data. Chen et al. (2012) used backward and forward trajectories to identify the sources and
sinks of moisture for the TP in summer. Their results show that for periods longer than 4
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days backwards, the main moisture source is the Arabian Sea, while for shorter periods, the
Bay of Bengal, the Arabian Sea and the north-western part of the TP contribute moisture
in the same order of magnitude. Feng and Zhou (2012) found that the main WV transport
for summer precipitation takes place through the southern border of the TP and originates
in the Bay of Bengal and the Indian Ocean. They also point out that the southern branch of
the mid-latitude westerlies transports moisture to the TP too, but its share is distinctly lower.
(Lu et al., 2015) analysed the atmospheric conditions and pathways of moisture to the TP for
a wet and dry monsoon season and showed that differences in the atmospheric circulation
have a direct impact on the moisture transport both to and on the TP. Meridionally orientated
high mountain valleys in the Himalayas can channel water vapour and precipitation to the TP
(Bookhagen and Burbank, 2010). Therefore, the representation of the underlying orography
plays a key role in simulating moisture transport. Coarser resolutions tend to allow more
moisture transport over the Himalayas because of a lower altitude, but on the other hand
do not represent the high mountain valleys. Therefore, different studies can lead to very
different result simply by choosing different regions, boundaries and datasets.

There are many studies that have explored the influence of atmospheric circulation modes,
e.g. the North Atlantic Oscillation, the Arctic Oscillation, and El Niño–Southern Oscillation,
on the climate and precipitation in high Asia and on the monsoon systems (Bothe et al., 2010,
2011; Liu et al., 2016; Liu and Yin, 2001; Rüthrich, 2015). Liu and Yin (2001) found that
the interannual variability of precipitation on the eastern TP is closely related to the NAO
and the resulting intensification or weakening of the westerly winds upstream of the TP in
the Euro-Atlantic sector. The different NAO phases show opposite effects on the south- and
north-eastern TP, demonstrating the combined impact of large orography and atmospheric
circulation on regional climate variability. The subtropical westerly jet acts as wave guide
facilitating the propagation of upstream signals to the TP region (Hoskins and Ambrizzi,
1993) and thereby connecting Asia with the Euro-Atlantic sector. Wu et al. (2012) found
that the snow cover on the Tibetan Plateau modulates the teleconnection of ENSO with the
East Asian Summer Monsoon (EASM). ENSO only correlates significantly with EASM in
years with reduced snow cover in the TP region due to a Rossby wave response to the ENSO
forcing.

Less attention has been paid to the underlying processes controlling the precipitation
variability over the TP and the surrounding high mountain ranges. Since precipitation is a
key feature of the water cycle of high Asia, it is important to analyse the factors controlling
precipitation variability. Identifying which dynamic factors influence the precipitation may
also help to estimate the impact of future climate change on precipitation variability. A
number of open questions remain, for example: What is the impact of atmospherics dynamics
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on the temporal and spatial distribution of atmospheric moisture, cloud development and
precipitation? How large is the impact of processes in the boundary layer and in the upper
troposphere on hydro-climatic conditions on the Tibetan Plateau and surrounding high
mountain ranges? To which extent does the variability of atmospheric water fluxes explain the
variability in precipitation over the TP? What role do dynamic enhancement and weakening
of deep convection processes due to subsidence or wind shear, independent of the atmospheric
moisture content, play for the precipitation dynamics?

Recently, a new high-resolution dataset, the High Asia Refined analysis (HAR; Paper I)
was developed to overcome the shortcoming of scarce data availability for High Asia. The
HAR is the result of the dynamical downscaling of an operational analysis and provides
the opportunity for a process-based analysis of the precipitation and its variability (e.g.
enhancement and suppression), due to its high spatial (30 and 10 km) and temporal (3 and 1
h) resolution. The higher spatial resolution also helps to represent the underlying orography
in a more realistic way which has a big influence on the moisture transport to the TP and the
precipitation variability.

1.2 Objectives

The aim of this thesis is to examine and understand factors important for spatial and temporal
patterns of precipitation over the TP and its variability. Therefore, the spatial and temporal
variability of atmospheric moisture transport on and to the TP and atmospheric variables
affecting precipitation variability are analysed, to answer the following questions:

• Where does the moisture needed for precipitation come from?

• Which are the main moisture pathways to the TP and which role does the spatial
resolution and representation of topography play?

• What controls precipitation enhancement or suppression if sufficient atmospheric
moisture is available?

• Which dynamic factors control precipitation variability on the Tibetan Plateau?

• Do the different factors affecting precipitation variability act in the same way in
different regions and at different times?

• How and when do the mid-latitude westerlies influence the precipitation on the TP?
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The research covered in this thesis was conducted in the project ’Variability and trends
in benchmark drainage basins on the Tibetan Plateau’ (WET, https://www.klima.tu-berlin.
de/forschung/WET/home.php) as part of the research program ’Central Asia and Tibet:
Monsoon dynamics and geo-ecosystems’ (CAME) funded by the Bundesministerim für
Bildung und Forschung (BMBF, Federal Ministry of Education and Research).

The first objective of this thesis is to describe the characteristics of atmospheric water
transport (AWT) over and to the TP as resolved by the HAR dataset. We focus on AWT
spatial patterns, seasonal evolution and vertical distribution and examine the barrier effect of
the topography on AWT and detect the major transport channels to the TP and quantify the
importance of moisture recycling.

The second objective is to examine which dynamical factors control variability of precip-
itation on the TP. By analysing the spatial and temporal correlation of selected dynamical
variables and precipitation we are able to to reveal the underlying mechanisms through which
the variables influence precipitation variability through enhancement and/or suppression of
precipitation development.

The third objective is to gain a better understanding of the roles the mid-latitude westerlies
and the summer monsoon systems play in the context of the first and second objectives.
We therefore assess the impact of the mid-latitude westerlies on the precipitation on the
TP regarding their role in providing moisture and dynamically controlling precipitation
variability.

1.3 Structure of the thesis

This thesis is based on three peer-reviewed papers.

• Paper I: Maussion, F., Scherer, D., Mölg, T., Collier, E., Curio, J. and Finkelnburg, R.
(2014) Precipitation seasonality and variability over the Tibetan plateau as resolved by
the High Asia reanalysis. Journal of Climate, 27 (5), 1910-1927.

• Paper II: Curio, J., Maussion, F. and Scherer, D. (2015) A 12-year high-resolution
climatology of atmospheric water transport over the Tibetan plateau. Earth System
Dynamics, 6 (1), 109-124.

• Paper III: Curio, J. and Scherer, D. (2016) Seasonality and spatial variability of dynamic
precipitation controls on the Tibetan Plateau. Earth System Dynamics, 7 (3), 767-782.

We focus on the research conducted in Paper II (Curio et al., 2015) and Paper III (Curio
and Scherer, 2016), but refer to findings from Paper I (Maussion et al., 2014) and unpublished
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1.3 Structure of the thesis

material to support the results. This thesis started during the development of the HAR and
without the HAR (Paper I) it would not have been possible to study the moisture transport
and dynamic precipitation controls over the Tibetan Plateau in such detail.

This thesis is structured as follows. Chapter 1 gives a general introduction to the study
region and background for the research questions and objectives covered in this thesis.
Chapter 2 provides a summary of the data and methods used to address the research questions
identified in Chapter 1. The main results are provided and discussed in Chapter 3 and
Chapter 4. The atmospheric water transport is analysed in Chapter 3, while Chapter 4 focuses
on dynamic precipitation controls. In Chapter 5 we draw conclusions and identify future
research opportunities. The thesis is followed by the three peer-reviewed research papers
reprinted in their original form.
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2. Data and Methodolody

Section 2.1 introduces the High Asia Refined Analysis and how it was generated. The
computation of the of atmospheric water transport and the methods used to analyse its spatial
and temporal variability are described in section 2.2. Section 2.3 explains how the HAR data
were used to analyse the atmospheric variables acting as dynamic precipitation controls.

2.1 High Asia Refined analysis

The High Asia Refined analysis (HAR, Maussion et al. (2014)) is the result of dynamical
downscaling the Operational Model Global Tropospheric Analyses (final analyses, FNL;
dataset ds083.2), a gridded dataset where observations are assimilated by a global model.
The FNL data are available every 6 h and have a spatial resolution of 1°. The model used
to downscale these data is the advanced research version of the Weather and Research
Forecasting model (WRF-ARW, Skamarock and Klemp, 2008) version 3.3.1.). For the
generation of the HAR a daily re-initialization strategy was used, which makes sure that the
model does not evolve too far away from the observations. A dataset created by combining
the output of multiple shorter model runs in one dataset has been proven to produce more
realistic atmospheric fields than continuous long-term integrations (Lo et al. 2008).

The first domain of the HAR covers most parts of south–central Asia with a spatial
resolution of 30 km and temporal resolution of 3 h. High Asia and the Tibetan Plateau are the
focus of a second nested domain with a spatial resolution of 10 km and temporal resolution
of 1 h. In the following we will use the terms HAR30 and HAR10 when referring to the HAR
datasets with 30km and 10 km horizontal resolution, respectively. A map of both domains
including the location of the HAR10 domain in the parent domain HAR30 are shown in Fig
2.1.

The HAR provides meteorological fields at the surface and on 28 terrain following
vertical sigma levels. The dataset covers a period of more than 14 years from October 2000 to
December 2014 and is updated continuously. Different time periods were used in the different
papers due to the data available at the time of the studies. The examination of the atmospheric
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water transport is done for the period 2001-2012 (Paper II, Curio et al. (2015)), while the
precipitation controls are analysed for the period 2001-2013 (Paper III, Curio and Scherer
(2016)). HAR products are available for different time aggregation levels: hourly (original
temporal model resolution), daily, monthly and yearly. One important objective of generating
the HAR was to make it freely available. A website (http://www.klima.tu-berlin.de/HAR)
was set up where HAR data can be downloaded after registering.

A detailed description of the HAR can be found in Paper I (Maussion et al., 2014)
for the period 2001–2011. The validation of HAR monthly precipitation data against rain
gauge observation and precipitation estimates from the Tropical Rainfall Measuring Mission
(TRMM) can be found in Paper I and in Maussion et al. (2011) for a single event.

In this thesis, we analyse the processes on the TP and the surrounding high mountain
ranges and therefore mainly use the HAR10 dataset, which provides a higher spatial and
temporal resolution. we only refer to HAR30 data if a large-scale point of view is needed for
the interpretation of the HAR10 results.

Fig. 2.1 Maps of the Weather and Research Forecasting (WRF) model domains HAR30
(south-central Asia domain, 30 km resolution) and HAR10 (high Asia domain, 10 km
resolution). The transects surrounding the Tibetan Plateau (numbered 1-14) are drawn
in white. The region within the defined boundaries is called "inner TP" throughout the
manuscript. Geographical locations are indicated. Figure taken from Paper II (Curio et al.,
2015), modified after Paper I (Maussion et al., 2014).
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2.2 Atmospheric water transport

2.2 Atmospheric water transport

Atmospheric water transport happens through water vapour (WV) and cloud particle (CP)
transport. For the CP transport we do not further distinguish between liquid (water droplets)
and solid (ice) cloud particles which are both resolved by the model microphysics. WV and
CP fluxes are calculated for each of the 28 original sigma levels, which are terrain following,
based on the original temporal model resolution of 1 h (HAR10) and 3 h (HAR30) using the
formula

Q = νhρq∆z (2.1)

where Q is the water vapour flux (kgm−1 s−1) or cloud particle flux, νh denotes the
horizontal wind vector (ms−1), ρ is the dry air density (kgm−3) and q is the specific
humidity(kgkg−1). ∆z is the thickness of each sigma level (m), this value is not constant but
increases with increasing height above ground. Since the WRF model just provides mixing
ratios (r) for the three atmospheric water components (water vapour, liquid water and ice),
we first calculated the specific humidity for each component using the relationship

q =
r

(1+ r)
(2.2)

Additionally, we integrated the fluxes over the entire atmospheric column to obtain the
vertically integrated atmospheric water transport fluxes. The vertical integration is performed
along the metric z coordinate along the model sigma levels from surface to top using the
rectangle method.

Q =
∫ z=ztop

z=zs f c

νhρq∆z (2.3)

We calculated these fluxes for the original model levels and did not interpolate them to
pressure levels to avoid information loss due to the interpolation. For the analyses, 10 and 5
grid points from the HAR30 and HAR10 domain boundaries, respectively, are removed to
avoid lateral boundary effects. To analyse the AWT towards the TP, we compute vertical cross
sections along transects following the border of the TP. To be able to calculate a moisture
budget, we defined a region which we henceforth call “the inner TP”, with 14 transects
attempting to follow the highest elevations in the mountain ranges and to cut across the high
mountain valleys which we assume to be pathways for atmospheric moisture. The location
of transects is included in Fig. 2.1. The u and v components of AWT are then rotated to the
transect coordinate system to compute the normal fluxes towards the cross section.
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2.3 Precipitation controls

The selection of precipitation controls relies on well-studied relationships of these factors
with precipitation variability (e.g. Back and Bretherton, 2005; Garreaud, 2007; Shinker et al.,
2006). So far, these controls were not investigated at high spatial and temporal resolution in
high-mountain Asia. The analysis of dynamic precipitation controls in paper III is based on
the HAR10 dataset for the study period 2001–2013 (all entire years available at that time).
Starting point is an analysis of the precipitation seasonality on the TP using the k-means
clustering method (e.g. Wilks, 1995). This analysis follows the approach used in Paper I to
detect glacier accumulation regimes based on precipitation seasonality on the TP. For the
analysis of dynamic precipitation controls the clustering was extended to the entire TP and
surrounding areas, using all grid points of the HAR10 domain.

The percentages of monthly contribution to annual precipitation and not the precipitation
amounts were used to define seven classes with different precipitation seasonality. This has
the advantage that, in an area like high Asia where the differences in precipitation amounts
vary strongly between regions and seasons, the regions were made comparable by this method.
We conducted the cluster analysis with other numbers of classes (5–9; see supplementary
to Paper III), but the chosen number of seven classes led to the best ratio between coherent
patterns and sufficient distinction between classes.

For all further analysis daily averaged HAR data are used. Because we are only interested
in precipitation days, the dataset is stratified using a daily precipitation threshold. This is
done month-wise. For example, all analyses for July depend on the data for each July day
during the period 2001–2013; these are 31 x 13 days, i.e. 403 days in total. Precipitation
days for a grid point are defined as days with a mean daily precipitation rate of at least 0.1
mm, which is a commonly used minimum value to define precipitation days (e.g. Polade et
al., 2014; Liu et al., 2011; Bartholy and Pongracz, 2010; Frei et al., 1998). The threshold
was used to filter out numerical artefacts and not to exclude events from the database.

The daily precipitation rate at each grid point is calculated as the mean precipitation rate
for all grid points within an area of 15 x 15 grid points around the grid point. The time mask
for precipitation days is then applied to the four variables used as precipitation controls. The
number of precipitation days can vary distinctly between regions and seasons.

In order to analyse the relationship between dynamic controls and precipitation each
of the dynamical variables is correlated with the precipitation using the Spearman rank
correlation. This is done month-wise for all precipitation days in a specific month during
the study period and for each grid point in the HAR10 dataset. Using correlations avoids
problems associated with the exact precipitation rates and amounts falling on the TP, which
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are hard to measure and to model exactly. The Spearman rank correlation uses the ranks of
the values and not the values itself, which makes the correlations independent of the real
data and more robust against outliers. This makes it easier to compare regions with very
different precipitation amounts with each other and helps to reduce the effects of extreme
events on the correlation results. We are aware of the fact that ranking the data leads to a
slight information loss compared to the real values. We are sure that for our purpose the
advantages are bigger than the disadvantages. Only correlations, which are significant at the
95% level, are plotted.
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3. Atmospheric water transport

This chapter describes the spatial and temporal patterns of atmospheric water transport
(AWT) to and on the Tibetan Plateau and surrounding high mountain ranges using a 12-year
climatology of AWT derived from/based on the HAR. Section 3.1 focuses on the annual
cycle of water vapour transport to detect the mean patterns and transport channels, while
Section 3.2 examines the vertical structure of the atmospheric water transport for selected
levels. The transport through the boundaries of the TP is analysed in Section 3.3 to quantify
atmospheric water input and verify the importance of the detected transport channels. In
Section 3.4 we calculate a moisture budget for the TP in order to analyse/determine the
importance of moisture recycling.

3.1 Annual cycle

To get started answering the question where the moisture for precipitation on the TP is
coming from we first examined the climatology of the annual cycle and spatial patterns of the
water vapour transport over and to the TP. Fig 3.1 shows the temporal and spatial distribution
of the water vapor transport over and to the Tibetan Plateau. In winter the westerlies are
dominant over the entire domain and result in transport from west to east. The highest WV
transport over the TP occurs where the westerlies encounter the mountain barrier at the
western border of the TP. Most of the WV is then transported along the northern and southern
borders to the TP. The highest values in the domain occur south of the Himalayas where
the WV is transported eastward along the southern slopes of the Himalayas and into the TP
in the southeastern corner of the TP, where the Brahmaputra channel is located. Where the
flow starts to converge again in the eastern part of the domain where the orographic barrier
is lower in the northern (Qaidam Basin) and south-east TP (Brahmaputra channel) the WV
transport is higher then on the central TP. Some WV is still transported to the TP directly
through the western boundary. The prevailing wind direction leads to transport from west
to east on the TP, but the transport amount is low directly over the TP. Most of the WV
transported to the western border is redirected or rained out over the Karakoram / Pamir
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region. This region exhibits a winter spring precipitation regime (Fig. 3.2, Fig. 8 and 9 in
Paper I).

Fig. 3.1 Decadal average of the vertically integrated water vapour flux (kgm−1 s−1) in every
month for HAR10. Colour shading denotes strength of water vapour flux, arrows (plotted
every eighth grid point) indicate transport direction (length of arrows is proportional to flux
strength up to 200 kgm−1 s−1 and is constant afterwards for more readability).Figure taken
from Paper II.

An intensification of the WV transport occurs from May to July, with the beginning of
the change in circulation prior to the monsoon onset. In summer the Subtropical westerly
jet shifts to a position north of the TP (Schiemann et al., 2009) and the monsoon circulation
establishes. In the southeast corner of the domain the WV flow starts to encounter the barrier
from the south, resulting in higher WV transport north of the Himalayas. This transport
is then redirected eastwards on the TP. This WV transport intensifies with the evolution
of the Indian summer monsoon, when large amounts of WV are transported towards the
Himalayan foothills from the Bay of Bengal (Fig. 3 in Paper II). The largest share of this
WV transport is blocked by the Himalayas which act as an orographic barrier and is the
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Fig. 3.2 Decadal average of precipitation (mmmonth−1) in January (01), May (05), June
(06), July (07), August (08), and September (09) for HAR10. The arrows show the 10 m
wind field (every ninth grid point plotted). Figure taken from Paper II.

redirected westwards along the Himalayan foothills. Transport from south towards the TP
is only possible through meridionally orientated high mountain valleys in the Himalayas.
The transport towards the TP from the southwest also increases over summer and does not
originate from the monsoonal flow but is provided by the southern branch of the mid-latitude
westerlies (Fig. 3 in Paper II). Since the transport of moisture on the TP starts furthermore in
the west the monsoonal flow reaches westward along the southern foothills of the Himalayas,
it appears that this moisture is not provided by the monsoon but by the westerlies and/or the
TP itself. The westerlies also contribute moisture to the TP through valleys in the western
parts of the southern boundary by the southern branch of the westerlies. This implies that
moisture entering the TP from the south-west can be transported there either by the westerlies

19



Atmospheric water transport

or the monsoon, depending on the how far these systems extend eastward or westward along
the southern slopes of the Himalayas, respectively.

Interestingly the water vapour transport over the TP shows the highest transport amounts
in September. Reason for this is the fact that the precipitation amount is lower in September
than in summer (Fig. 3.2). So the moisture evaporating from the wet TP surface, caused
by the high precipitation rates in summer, can be transported away from its source region
without being rained out. Another reason for higher transport amounts is the wind speed
recovery after the withdraw of the monsoon, which is visible in the wind field (Fig. 3.2 and
Fig. 9 in Paper I), and facilitates higher evaporation rates and therefore higher transport
amounts. In October there is only transport to the TP in the eastern and central parts of
the Himalayas, because the monsoon circulation weakens and the fluxes do not reach as far
westward into the Ganges valley as before. The flux from the westerlies reaches far more to
the east along the southern slopes of the Himalayas. In November, this pattern becomes more
intense, there is no westward flux south of the Himalayas visible, the monsoon circulation
collapses and wintertime conditions are established.

Fig. 3.3 Boxplots of the decadal average of vertically integrated water vapour flux (a) and
cloud particle flux (b) on the inner TP for HAR10. The boxes represent the range from the
25th to the 75th percentile. The boxes are divided by the median value (black) and the mean
value (red). The whiskers represent the 10th and 90th percentile, respectively. Note the
different scales of the y-axes. Figure taken from Paper II.

Previous studies focused on WV transport and did not consider cloud particle (CP) flux.
The assumption so far has been that the CP transport is so small compared to WV flux, that it
does not have a significant influence on the total AWT. The median value of HAR10 WV
transport for the inner TP is between 20 and 40kgm−1 s−1 throughout the year, while it only
reaches between 0.2 and 0.6kgm−1 s−1 for the CP transport (Fig. 3.3).These values could
lead to the assumption that the CP transport is not relevant. Differences in the annual cycle
of the two components are clearly visible: the WV transport has its peak in summer and
the CP transport in winter. The boxplot also shows that the range between the 10th and
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90th percentile for the WV transport is largest in June. The large range might reflect the
interannual variability in the timing of the Indian summer monsoon onset.

To examine the relevance of CP transport for AWT, we looked at the transport patterns
and amounts and calculated the contribution of the CP flux to AWT as a monthly decadal
average in January and in July (Fig. 3.4). Our results show that the contribution of the CP
flux to the entire AWT is not negligible in winter in the Pamir and Karakoram (the western
and south-western border of the TP) contributing up to 25% of the total AWT. This pattern
matches the wintertime precipitation pattern in this region (Fig. 3.2). CP transport also plays
a role in the eastern TP, a region where cyclones are frequent in summer.) The fact that
the CP transport plays a role in the Karakoram and western Himalayas, the regions which
are controlled mainly by the westerlies, suggests a strong role of moisture advection. The
horizontal motion is dominant in advective processes while vertical motion is dominant in
convection. This means that clouds developed in advective processes, for example frontal
processes, can be transported further away from their origin than convective clouds.

Fig. 3.4 Decadal average of the contribution (%) of cloud particle flux to atmospheric water
transport in (a) January and (b) July for HAR10. Figure taken from Paper II.

3.2 Vertical structure and circulation features

Looking at the vertically integrated fluxes only does not reveal the complexity of the AWT
over and towards the TP but shows the dominant patterns. To understand the vertical structure
of AWT we analysed the transport occurring on different model levels in Paper II. We looked
at the transport at all of the 27 model levels and then selected levels from near surface to
around 5 km above ground with the most interesting features and the levels where changes
compared to the patterns in other levels occur. We selected six levels from near surface to
around 5 km above ground: levels 1 (∼25m), level 5 ( ∼450m), level 8 (∼1200m), level
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10 (∼2200m), level 12 ( ∼3200m) and level 15 (∼5500m). The height of each terrain-
following model level is the average height of this model level above ground over the Tibetan
Plateau.

The vertical structure of AWT in Fig. 3.5 shows that the transport near the surface is
generally low over the TP due to the relatively low wind speed over the TP in summer. Low
wind speed leads to a low transport amount even if there is atmospheric moisture evaporated
from the surface, since AWT is a product of both moisture availability and wind speed and
direction. Another influencing factor could be the higher turbulent mixing in the boundary
layer due to thermal eddies and turbulent eddies generated by the air flow being disturbed by
the friction from the surface. (explain how more mixing and eddies influence the AWT)

Fig. 3.5 Decadal average of the water vapour flux (kgm−1 s−1) for single selected model
levels (1 (25m above ground in Tibet), 5 (450m above ground in Tibet), 8 (1200m above
ground in Tibet), 10 (2200m above ground in Tibet), 12 (3200m above ground in Tibet) and
15 (5500m above ground in Tibet)) in July for HAR10. Figure taken from Paper II.
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Therefore, the moisture transport first increases with height up to level 12 where the
highest transport amount occurs. The higher wind speed at higher levels presumably together
with larger moisture availability in the atmosphere leads to higher transport rates. It appears
that the higher moisture availability occurs because more moisture can reach the higher
levels of the atmosphere than the surface. The moisture laden air from the south has to
cross the orographic barrier and this is only possible over the top of the mountain ranges or
through high mountain valleys. The atmospheric moisture available near the surface appears
to originate from local sources (e.g. evaporation form lakes, permafrost, glacier runoff). Not
only the amount of transported atmospheric water is important but also where it is coming
from. The AWT pattern at the different levels show the general atmospheric circulation, but
one has to keep in mind that the AWT is influenced by wind and moisture availability. The
Tibetan heat low with its centre at the central TP is visible at the lower levels (1 and 5) and
at level 8 but shifted to the northern TP. A completely different picture is revealed by the
upper levels (12 and 15) where the high-tropospheric Tibetan anticyclone with its centre in
the southern TP directly north of the Himalayas is visible. This is one of the atmospheric
features known since the early years of research about the TP and was first reported in the
western literature by Flohn in 1968, who stated that it starts to form in May or early June.
Higher up in the atmosphere the anticyclonic circulation weakens and the westerlies become
dominant over the TP. The level between the cyclonic circulation at the lower levels and the
anticyclonic circulation at the upper levels could be called equilibrium level (level 10).

At level 5, monsoonal air and moisture is transported relatively far to the western (north-
western) part of the TP. This air mass originating in the tropical oceans and transported to the
TP by the Indian summer monsoon circulation is then included in the cyclonic circulation
over the TP. In the higher levels (10–15), this cyclonic circulation is replaced by the westerlies
and extra-tropical air masses are transported to this region. Therefore, we find air masses and
consequently moisture from different sources at one place. This finding should be considered
in the analysis of stable oxygen isotopes in precipitation samples, lake water, sediment and
ice cores. In those regions precipitation originating in the boundary layer will result in a
monsoonal signal in the isotopes while precipitation originating from deep convection could
have an isotope signature pointing to the westerlies as the main moisture source.

In the dry Tarim Basin north of the TP, we can see an anticyclonic circulation above the
boundary layer at level 10 and transport of WV from north-east to south-west following the
northern boundary of the TP. Therefore, the air at this level tends to descend. This means
that only below this level clouds in the boundary layer are possible. These clouds can only
provide small amounts of precipitation due to their low vertical extent. Above this level, the
transport of WV is admittedly higher and in the opposite direction, but does not result in
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precipitation. Deep convection is inhibited by the subsidence tendency at the lower level.
The higher transport rate is also an indication for higher wind speeds in the upper levels,
related to the southern edge of the subtropical westerly jet.

In the south-western part of the domain, the border region between India and Pakistan,
we see a similar pattern. There it leads to higher differences in the precipitation patterns
between the affected region and the direct surroundings (Fig. 3.2) and affects a region with a
high population density. We see an anticyclonic circulation of the WV transport in the levels
10 and 12 (and in between). The transported amount is nearly as high as the WV transport
associated with the ISM along the southern slopes of the Himalayas. However, if we look at
the precipitation patterns, we see that there is a precipitation minimum in this region (Fig.
3.2). The development of deep convection is suppressed by subsidence. In the lower levels,
the heat low over Pakistan (Bollasina and Nigam, 2010) is visible in the transport patterns
(Fig. 3.5) and in the 10 m wind field (Fig. 3.2). Saeed et al. (2010) point out that the heat low
over Pakistan connects the mid-latitude wave train with the Indian summer monsoon. In the
surrounding region where we do not see this anticyclonic circulation in the levels above the
boundary layer, the large amounts of transported WV result in high amounts of precipitation.

Fig. 3.6 Contribution (%) of convective precipitation to the total annual precipitation for
HAR10. Figure taken from Paper I.

In Paper I the border region between India and Pakistan was identified as one of the regions
with higher precipitation variability by analysing the occurrence of strong precipitation events
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(less than 15% of the precipitation days suffice to reach 50% of the annual precipitation
amount) and regional anomalies of the annual coefficient of variation, which is defined as
the ratio between the standard deviation and the mean precipitation (Fig. 12, Paper I). Due
to its location in the confluence zone between the westerlies and the Indian monsoon flow
the region appears to be more sensitive to shifts in the atmospheric circulation than the
neighbouring regions. The potential for strong precipitation events is given (e.g. strong
solar forcing and high atmospheric moisture content) but the mean atmospheric circulation
might inhibit the development of deep convection. In this region, where 90-100% of the
precipitation are of convective nature (Fig. 3.6), a slight shift in the atmospheric circulation
could make the difference between a dry and a wet summer. These results can provide an
indication of the processes, which lead to the risk of droughts and floods in Pakistan, e.g. the
severe floods in July 2010 (Galarneau et al., 2012; Houze, 2012; Webster et al., 2011).

3.3 Transport through the TP borders

From the analysis of atmospheric moisture transport so far we got a qualitative picture of
how much of the moisture is transported to the TP by the Indian monsoon system and the
mid-latitude westerlies. In a next step we calculated the atmospheric water transport through
vertical cross sections along the border of the TP in order to quantitatively analyse the in-
and output of moisture to and from the TP. The area surrounded by the transects is called
"the inner TP" in the following (Fig. 2.1). We decided to do this and not only to look at the
most interesting regions, where the majority of the transport takes place (Fig. 3.1) to be able
to calculate the moisture budget for the inner TP (Sec. 3.4). The cross sections allow us to
examine the moisture pathways and their connection to the underlying topography in more
detail than looking at the horizontal patterns alone. This analysis also completes the picture
at which heights the moisture is transported to the TP.

Figure 3.7 shows the transport through all cross sections for winter and summer. The sep-
arate cross sections were divided into two groups, southern and northern boundary, and then
combined to single plots, respectively. This makes it easier to analyse the transport through
the borders, especially the Himalayas as one system. As expected the southern boundary
exhibits the highest transport amounts in summer in the lower levels of the atmosphere (Fig.
3.7 a). The transport rate decreases with height and the largest amounts are transported
towards the TP where the elevation is lower compared to the direct surroundings. These
regions are the meridionally orientated high mountain valleys which become only visible
when looking at high resolution datasets as HAR10 (Fig. 3.8).
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Fig. 3.7 Decadal average of the atmospheric water transport through cross sections 1–6 (a
and b) (from left to right, dashed lines indicate border between the cross sections) in July (a)
and January (b), and for cross sections 14–7 (c & d) in July (c) and January (d) for HAR10.
Red colours denote transport towards the TP, while blue colours indicate transport away from
the TP. The underlying topography is represented in grey. Figure taken from Paper II.

One of these valleys is the Brahmaputra channel in the eastern Himalayas (CS 6) which
is one of the major moisture pathways to the TP. The Brahmaputra channel is wider than
the other valleys and the AWT as part of the monsoonal flow encounters this part of the
Himalayas directly from the south. The moisture transported to the TP through this channel
arrives further north in the TP than moisture entering the TP in the central Himalayas, in the
lower levels the moisture is then transported to the northern central TP with the cyclonic
circulation around the thermal low and to the east with the prevailing westerlies in the upper
levels. This in combination with the cross section for the eastern boundary (CS 7) shows that
the TP gets moisture supply from the outside in the lower levels but provides moisture to the
downstream areas in the upper levels. This is also true for the north eastern and northwestern
boundaries in summer, but there, averaged over the atmospheric column, the transport away
from the TP is dominant.

The AWT through the western boundary (CS 1) (Fig. 9a and b, and Table 1) is higher in
winter than in summer, as it is for CS 2 in the westernmost region of the Himalayas. These
regions are dominated by atmospheric water input by extra-tropical air masses, transported
to this region by the westerlies. In sum, the AWT in CS 2 is still almost as high as the AWT
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in CS 6. CS 6 contains the Brahmaputra Channel, which is often referred to as one of the
main input channels for atmospheric moisture (Tian et al., 2001).

AWT from the TP to the south is negligible in summer and occurs only in CS2 and CS3
(Fig. 3.7a) as a recirculation in a level above the moisture input to the TP from the south.
Since the air masses have to rise to overcome the orographic barrier a smaller share of this
moisture might be then transported further up and then back to the south instead of further
into the TP. The AWT patterns do not show any transport from north to south for the selected
levels (Fig. 3.5), so it appears to be a local recirculation of moist air.

Table 3.1 shows the monthly decadal average of AWT input to the TP through the
individual cross sections converted to a theoretical equivalent precipitation amount on the
inner TP. We picked CS 1, the western boundary, and CS 6, including the Brahmaputra
Channel, for a closer comparison (they are of the same length). From November to April the
transport through the western boundary (CS 1) is distinctly higher than that through CS 6.
From May to October CS 6 shows higher transport amounts, but the differences are smaller
than in winter. In July the input through the western boundary (CS 1) is around 90% of the
transport through the Brahmaputra Channel region that (CS 6). This is the month where the
differences are smallest.

We can see that for almost every month, CS 2–3 exhibits the largest input amounts. AWT
through this cross section is controlled not only by the ISM but also by the southern branch
of the mid-latitude westerlies.

The main WV input to the TP takes place through the southern and western boundaries,
confirming the results of Feng and Zhou (2012), even if their western boundary is further
east. The WV entering the TP through the eastern part of the southern boundary originates in
monsoonal air masses, while the WV entering the TP through the western boundary originates
in the mid-latitude westerlies. The moisture input through the western boundary (CS1) is
only slightly higher in winter than in summer and reaches its maximum in spring. The spring
maximum is probably caused by (i) higher moisture availability in the mid latitudes due to
higher water temperatures in the Mediterranean region and (ii) higher wind speeds due to the
position of the SWJ directly over the TP. The latter would increase the moisture advection
towards the western boundary. The transport through the south-western (CS2) boundary is
much lower in winter compared to summer because of the absence of the warm moist air
flow hitting the Himalayas from the south. But even in winter the input of AWT is dominant.
The relatively high input through the western boundary shows that the westerlies are not
fully blocked by the TP orography and not all moisture transported with them is redirected
north or south. The magnitude of this WV input is similar to that of the input through the
Brahmaputra channel. This agrees with the findings of Mölg et al. (2014), who found that
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Fig. 3.8 Topography (m) for the FNL dataset (top), HAR30 (middle), HAR10 (bottom).

28



3.3 Transport through the TP borders

the westerlies play a role for precipitation and glacier mass balance in summer also, and they
challenged the assumption that the westerlies contribute moisture only in winter or just in the
northernmost parts of the TP in summer (Hren et al., 2009; Tian et al., 2007).

The main WV output from the TP takes place through the eastern boundary (CS 7), as
also found by Feng and Zhou (2012), and the TP is a source of atmospheric water for the
downstream regions east of the TP for all months (Table 3.1 and Fig. 3.7 c and d). Chen
et al. (2012) and Luo and Yanai (1983) have shown that the TP contributes precipitation
to its downstream areas, e.g. the Yangtze River valley, in summer. Our results confirm the
importance of the TP as a source of moisture and precipitation to the downstream areas, e.g.
the Yangtze River valley, as pointed out by Bin et al. (2013), Xu et al. (2011) and Chen et al.
(2012), who called the TP a transfer or re-channel platform of moisture for the downstream
regions in East Asia.

In January, there is only eastward moisture transport (output) through the eastern boundary
(Fig. 9d). For all other months we find additionally transport towards the TP in the lower
layers near the surface. The transport towards the TP through eastern cross section (CS 7)
has its peak in July (Fig. 3.7 c) in the northern part of the boundary where the elevation is
distinctly lower than in the southern part. There is still eastward AWT away from the TP in
the higher levels. However, if we look at the total of the AWT amount through the eastern
boundary (CS7 in Table 3.1), we see that the transport from the plateau towards the east is
still dominant in summer.

The input to the TP through the northern boundary (CS 14–8) is lower than that from
the west and south in January and July (Fig. 3.7 d and c, Table 1). There is less moisture
available north of the TP that could enter the TP. Additionally, we find a strong gradient in
altitude and fewer passages through which the atmospheric water could enter the TP than
in the Himalayas. For the westernmost northern cross sections (14–12) the transport from
the TP to the north is dominant. The reason for this is the north-eastward transport in the
western TP, which also explains the lower transport amounts towards the TP. The AWT
within the northern branch of the westerlies north of the TP is blocked by the high-altitude
TP. AWT then follows the northern border of the TP to the east, where the elevation is lower
in some regions (CS 9–11), e.g. at the border to the Qaidam Basin (CS 9). There, the input
of atmospheric water to the TP is dominant for all months and the maximum input takes
place in spring. AWT from the north to the Qaidam Basin is also visible in Fig. 3.1 for all
months. This transport takes place in the lower layers of the atmosphere. The transport from
the plateau northwards has its peak at the easternmost northern CS (CS 8) in July, August
and September, when the TP can provide large amounts of atmospheric water, as shown in
Sect. 3.1 in Fig. 3.1.
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Table 3.1 Decadal average of the atmospheric water flux converted to a theoretical pre-
cipitation amount (mmmonth−1) through vertical cross sections (1, 2–3, 4–5, 6, 7, 8, 9,
10–11, 12–14) and standard deviations (SD) for HAR10 (positive values denote transport
towards the TP and negative values denote transport away from the TP). Decadal average of
the precipitation (mmmonth−1) and its standard deviation (SD) on the inner TP and of the
contribution (%) of the atmospheric water flux to the precipitation for HAR10. Table adapted
from Paper II.

Month/CS 1 2-3 4-5 6 7 8 9 10-11 12-14 Sum TP prcp Ratio (%)

01 12.8 41.2 −5.0 5.9 −34.0 −2.1 3.7 7.2 −17.7 12.1 22.9 52.6
02 15.8 47.4 −4.7 5.4 −31.5 −2.6 3.8 7.5 −21.1 20.0 33.5 59.7
03 19.8 35.4 −6.0 7.6 −37.8 −2.9 8.1 11.1 −31.5 11.5 33.9 33.9
04 17.8 33.4 −4.7 9.1 −36.2 −3.3 9.5 10.6 −22.8 13.4 42.7 31.4
05 17.1 21.5 9.1 21.3 −44.3 −5.6 8.5 10.4 −19.1 18.9 55.3 34.2
06 12.3 26.4 18.6 22.2 −42.4 −6.4 9.1 7.7 −14.5 32.9 72.3 45.5
07 14.9 34.4 24.3 16.5 −19.4 −12.2 4.2 5.3 −22.5 45.4 98.0 46.4
08 11.7 33.7 22.5 16.1 −22.9 −12.7 6.2 6.8 −22.6 38.8 91.8 42.2
09 12.3 44.0 20.3 19.0 −55.1 −11.3 2.4 5.1 −21.9 14.8 57.6 25.7
10 15.4 21.3 9.6 18.4 −56.3 −5.0 3.6 6.2 −17.3 −4.1 23.6 −17.5
11 16.9 24.4 −5.7 4.9 −35.5 −2.5 5.8 9.4 −20.5 −3.0 11.9 −25.2
12 15.0 36.5 −6.6 3.3 −34.2 −2.1 4.9 8.9 −20.5 5.3 15.8 33.7

Sum 181.6 399.6 71.7 149.8 −449.8 −68.8 70.1 96.2 −244.2 206.0 559.2 36.8±6.3
SD 59.4 47.6 15.5 22.1 44.1 8.4 12.7 12.8 24.5 42.6 77.1
SD (%) 32.7 11.9 21.6 14.8 9.8 12.3 18.1 13.3 10.0 20.7 13.8

Table 3.2 The same as Table 3.1 but for HAR30. Table adapted from Paper II.

Month/CS 1 2-3 4-5 6 7 8 9 10-11 12-14 Sum TP prcp Ratio (%)

01 13.6 43.1 −7.9 6.4 −35.9 −2.6 3.9 7.6 −19.9 8.3 24.3 34.0
02 16.7 49.8 −7.4 6.1 −33.7 −3.2 4.1 8.1 −23.8 16.8 35.7 47.0
03 21.5 36.9 −9.1 9.3 −41.1 −3.4 8.6 12.1 −27.5 7.3 36.7 19.9
04 19.6 35.2 −8.3 11.1 −39.5 −3.7 10.1 11.3 −26.6 9.2 46.0 20.0
05 19.0 21.4 7.5 23.3 −47.3 −5.9 9.2 10.9 −22.3 15.9 60.0 26.5
06 13.4 25.1 20.1 23.2 −47.1 −6.5 10.1 7.5 −16.1 29.8 76.2 39.1
07 16.2 32.2 27.6 14.1 −24.0 −12.6 4.9 3.9 −24.0 48.3 98.8 38.8
08 12.2 32.1 25.5 14.0 −27.3 −13.4 7.0 5.2 −23.7 31.6 91.8 34.5
09 13.4 43.2 22.8 19.3 −60.7 −12.1 2.9 4.5 −24.2 9.1 58.4 15.5
10 17.1 20.2 8.6 19.7 −59.2 −5.8 4.0 6.8 −20.3 −8.9 25.1 −35.6
11 18.4 24.5 −9.6 5.0 −37.1 −3.1 6.1 10.2 −23.6 −9.1 12.9 −71.1
12 16.0 38.2 −10.1 3.3 −35.9 −2.7 5.2 9.5 −23.0 0.4 16.7 32.7

Sum 197.2 401.9 59.7 154.9 −488.6 −75.0 76.1 97.4 −274.9 148.7 582.5 25.5±7.4
SD 25.4 53.2 18.3 23.5 212.7 9.4 13.8 13.5 27.8 47.4 81.0
SD (%) 12.9 13.2 30.6 15.2 43.5 12.5 18.1 13.9 10.1 31.9 13.9

30



3.4 Moisture budget

3.4 Moisture budget

So far we have analysed the AWT transport over the TP at different levels and to the TP
through its boundaries. In the next step we quantify how much of the moisture necessary
for the precipitation falling on the inner TP is supplied by external sources and how much is
provided by the TP itself from local sources and moisture recycling.

Table 3.1 displays the monthly decadal average of AWT through the individual cross
sections and the sum for all cross sections, the precipitation falling on the inner TP and the
ratios between them. To make the comparison with the precipitation easier, we converted the
net atmospheric water input to a theoretical precipitation equivalent (mmmonth−1), which
results in an annual mean AWT input of 206.0 mmyear−1 for HAR10. The mean annual
amount of precipitation falling on the inner TP (the area enclosed by the cross sections) is
559.2 mmyear−1. The ratio of net input of atmospheric water to the precipitation falling on
the inner TP reveals that, on average, AWT through the borders accounts for 36.8% of the
precipitation during the year. According to this, the remaining 63.2% of atmospheric water
needed for precipitation must be provided by the TP itself. This moisture supply probably
takes place via moisture recycling from local sources, e.g. evaporation from numerous large
lakes, soil moisture, the active layer of permafrost, snow melt and glacier run-off. The share
of moisture from external sources is highest in winter when the TP cannot provide moisture
for precipitation by itself, followed by summer, where the largest net input occurs. In October
and November the ratio is negative, which means that the TP provides more moisture than
it receives from external sources. These are the two months where the output of moisture
from the TP is larger than the input; this is possible because the moisture imported to the TP
in summer is available for export in autumn. On a monthly basis, there certainly is a time
lag between the moisture input and the precipitation, making the analysis of monthly ratios
difficult. The standard deviations for HAR10 in Table 3.1 show that the atmospheric water
input varies more between the years than the precipitation falling on the TP. This implies that
the evaporation from local sources (moisture recycling) stabilises the precipitation falling on
the inner TP. These results highlight the importance of local moisture recycling as already
emphasised by Kurita and Yamada (2008), Joswiak et al. (2013) and Chen et al. (2012). For
the northern Tibetan Plateau, Yang et al. (2006) detected that 32.06% of the precipitation
is formed by water vapour from ocean air mass and 46.86% is formed by water vapour
evaporated from local sources. They found that at least 21.8% of the precipitation is formed
by water vapour evaporated on the way and then transported by the monsoon circulation.
Yang et al. (2007) also showed that for two flat observation sites in the central eastern part
of the TP, the evaporation is 73% and 58% of the precipitation amount. This is in a good
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agreement with our results that 63.3% is provided by local moisture recycling. The question
is what will happen with the atmospheric water which is transported to the TP. Does it remain
on the TP or is it lost as run-off? Could this moisture input be an explanation for the observed
lake level rises (Yang et al., 2014)?

The comparison of the net atmospheric water input to the TP through the cross sections,
the precipitation falling on the inner TP and the ratio between them for HAR10 (Table 3.1)
and HAR30 (Table 3.2) shows that the different horizontal resolutions lead to different results.
On an annual basis, the different horizontal resolutions result in an AWT input difference
of 57.3mmyear−1 and a precipitation difference on the inner TP of 23.3mmyear−1, with
HAR30 showing the lower AWT input but the higher precipitation amount. This leads to
a difference of 11.3% in the ratio of AWT to precipitation between the HAR10 (36.8%)
and HAR30 (25.5%) datasets. Nevertheless, HAR30 exhibits higher transport amounts
for both input and output for almost every cross section and every month. Due to the
fact that the output values are also higher, the annual net input for HAR30 is lower than
for HAR10. On an annual basis HAR30 shows just three-quarters of the HAR10 AWT
input. Lin et al. (2018) show that a horizontal resolution of 10 km appears to be the
best compromise between computational costs and high enough resolution to minimise
precipitation biases by realistically representing the underlying topography in High Mountain
Asia and therefore moisture pathways and the blocking of moisture input. Our study shows
that for a quantification of AWT and the spatiotemporal detection of its major pathways and
sources it is important to realistically represent the complex topography of High Asia using a
dataset with a high spatial resolution (Fig. 3.8).

Shi et al. (2008) showed that a higher horizontal resolution and more realistic represen-
tation of the topography is also important for the development of disturbances on the TP
leading to precipitation events in the downstream regions of the TP like the Yangtze River
valley. The AWT in Figure 3.9 and the 10 m wind field in Figure 3.10 show a meso-scale
cyclonic circulation/disturbance developing on the central TP on 9 July 2004 and moving
eastward on the TP during the following days while intensifying. The system appears to
facilitate moisture transport from south of the Himalayas to the TP through the valleys in the
Himalayas (3.9). Fig. 3.10 shows that the system is associated with precipitation amounts of
up to 50mmday−1 . Disturbances like this are called Tibetan Plateau vortices and are the
major precipitation-triggering systems on the TP (Wang, 1987).
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Fig. 3.9 Vertically integrated water vapour flux (kgm−1 s−1) for 9–12 July 2004 for HAR10.
Colour shading denotes strength of water vapour flux, arrows (plotted every eighth grid point)
indicate transport direction.

Fig. 3.10 Precipitation (mmday−1) for 9–12 July 2004 for HAR10. The arrows show the 10
m wind field (every ninth grid point plotted).
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4. Dynamic precipitation controls

This Chapter describes how different dynamic controls influence precipitation variability
by enhancing or suppressing precipitation development. We provide the motivation for this
study in Section 4.1 and introduce the selected controls in Section 4.2. To be able to better
understand precipitation variability we first establish the precipitation seasonality for the
TP and surrounding regions using a clustering approach (Section 4.3). In Section 4.4 we
then examine the correlation patterns of each of the variables with precipitation to determine
which controls are when and where most efficient.

4.1 Motivation

We have shown in Paper II (Curio et al., 2015) that high atmospheric water transport over
a region does not always lead to the development of precipitation. Figure 4.1 shows the
correlation between atmospheric water content and precipitation. As expected the correlations
are positive throughout the year, which means that higher atmospheric moisture content
is associated with more precipitation at all times and in all regions. But interestingly the
correlations are not of the same strength everywhere and in every month. This shows that
where the variance of the vertically integrated atmospheric water contents explains only part
of the variance of precipitation, dynamic precipitation controls must be at play. Therefore,
there must be other factors controlling precipitation variability by dynamically enhancing
or suppressing precipitation development in addition to atmospheric moisture essential for
precipitation.

We selected five variables as dynamic precipitation controls: horizontal wind speed at
300 hPa (WS300) and at model level 10 (WS10, about 2 km above ground), vertical wind
speed at 300 hPa (W300), vertically integrated atmospheric water transport (AWT, and the
height of the planetary boundary layer (PBLH).

It is known that these factors have an influence on precipitation variability, but on the
basis of coarse-resolution datasets it was not possible to analyse the relations spatially and
temporally differentiated for the TP and the surrounding high mountain ranges as it is now
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using the HAR. The different precipitation controls have effects on different spatial scales.
While the horizontal and vertical wind speeds at 300 hPa (WS300 and W300) are large-
scale controls, the horizontal wind speed in the boundary layer (WS10) and the planetary
boundary layer height are effective at the mesoscale. The atmospheric water transport (AWT)
is effective on both scales and across large distances connecting the large-scale with the
mesoscale. We do not claim completeness for the list of precipitation controls but assume
that these four factors belong to the most important dynamic precipitation controls. It is
important to keep in mind that the precipitation controls are not independent of each other
and can have combined effects on precipitation variability or cancel out each other; but this
is not the focus of Paper III.

Fig. 4.1 Coefficient of correlation (rho) between daily column integrated atmospheric water
content (AWC) and precipitation for all months (01–12). Positive correlations are denoted
in red, while negative correlations are denoted in blue. Figure taken from supplementary of
Paper III.
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4.2 Selected controls

In this section we briefly introduce the selected controls and their possible impacts on
precipitation variability.

The horizontal wind speed at the 300 hPa level has two main effects on precipitation
variability. High WS300 can inhibit or cut off deep convection and thus suppress precipitation
development (e.g. Findell and Eltahir (2003); Zhang and Atkinson (1995). In this case only
shallow convection can form, which does not lead to considerable precipitation amounts.
Mölg et al. (2009) showed that convective precipitation events on tropical mountain summits
correspond to low horizontal wind speeds. On the other hand, higher wind speeds can have
positive effects on moisture advection and orographic lifting and can, at lower levels, enhance
evaporation from the surface and therefore convection (e.g. Johansson and Chen (2003); Roe
(2005)). This process is most interesting during the warm half of the year, when surface
moisture from local sources like lakes, soil moisture, the active layer of permafrost, snow-
and glacier melt is available. Moisture recycling plays an important role in precipitation on
the TP (e.g. Araguás-Araguás et al. (1998); Trenberth (1999)); on average, more than 60% of
moisture needed for precipitation falling on the inner TP is provided by the TP itself (Paper
II).

The core of the subtropical westerly jet (SWJ) occurs at the 200 hPa level. Over the
Tibetan Plateau the jet reaches down to 300hPa and still has an effect there and also at lower
levels. This was shown for the HAR in Paper I (Fig. 2). The strength and location of the
jet influences the hydro-climate of the Tibetan Plateau and central Asia (e.g. Schiemann
et al. (2009)). The precipitation seasonality in the north-western parts of the study region is
especially related to the position of the jet (Schiemann et al., 2008). Garreaud (2007) pointed
out that stronger than normal low-level westerlies lead to more precipitation on the windward
side of meridionally orientated mountain ranges (orographic precipitation), while high wind
speeds at mountain tops lead to rather dry conditions because of intensified downdrafts.
This process is called the rain shadow effect. But he also shows this could lead to more
precipitation on the lee side because more cloud particles are advected and disturbances can
overcome the topographic barrier with the help of higher wind speeds, which would lead to
more frontal or cyclonic precipitation. This case already shows that the influence each of the
dynamic controls has on precipitation depends on many factors and that this influence may
vary highly in time and space.

The influence of the vertical wind speed on precipitation depends on the direction of the
vertical wind, i.e. on whether it is an updraft or a downdraft (Rose and Lin, 2003). Updrafts
have a positive impact on precipitation because they can boost or enhance convection and are
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a key element for orographic precipitation on the windward side of mountain ranges, while
downdrafts (e.g. on the lee side of mountain ranges) and subsidence lead to the inhibition of
convection and cloud dispersal. The expectation is that we have mainly positive correlations
of vertical wind with precipitation: high upward winds cause higher precipitation and higher
down- ward winds cause less precipitation.

Atmospheric water transport (AWT) is not only a dynamic precipitation control since it
is a product of atmospheric moisture content and wind speed (and direction). The positive
effect of AWT on precipitation variability due to moisture supply is described in e.g. Barros
et al. (2006) and Giovannettone and Barros (2009). We assume that there is always a positive
correlation between AWT and precipitation. But high AWT does not automatically lead to
precipitation development, which we have shown in this thesis in Paper II for the Qaidam
Basin where the prevailing atmospheric subsidence inhibits convection.

The height of the planetary boundary layer (PBLH) shows the turbulent mixing of the
lower atmosphere. It is influenced by solar forcing, turbulent processes, convective activity
(Yang et al., 2004), moisture content and temperature of surface and air, and wind speed.
Gentine et al. (2013) point out that dry soil surface accelerates the growth of the PBL.
The TP has one of the highest PBLs in the world, due to its high altitude and strong solar
forcing, but the TP PBL is not fully understood yet because there are only few observations.
During daytime in spring and summer the PBL is higher than in the other seasons in this
region (Patil et al., 2013) and can exceed heights of 3000 m or more (Ma et al., 2009;
Yang et al., 2004) in some regions on the TP due to strong solar forcing and convective
activity. The horizontal wind speed influences the PBLH by facilitating the mixing of the
atmosphere and the entrainment of air from above the PBL. The PBLH is not a purely
dynamic precipitation control, but entrainment as a dynamic factor has great impact on
PBLH (Gentine et al., 2013; Medeiros et al., 2005). In the HAR the PBLH is determined
dynamically by using the Mellor–Yamada–Janjic turbulent kinetic energy scheme (Janjic,
2002) for PBL parameterisation.

4.3 Precipitation seasonality

To examine when and where these factors impact precipitation variability we first establish a
spatial and temporal analysis of precipitation using a clustering approach (see Section 2.3).
This will help to identify regions with similar precipitation seasonality which might enable us
to connect different regions using the results from the analysis of dynamic controls. Only the
integrated analysis of precipitation seasonality, water transport pathways, the impact of the
westerlies and the dynamic controls can enable us to understand the complex picture. Figure
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4.2 shows the seven defined clusters of precipitation regime and the mean annual cycle of the
monthly contribution of precipitation to the annual precipitation (called precipitation fraction
in the following) in each cluster.

The TP and the surrounding high mountain ranges show a high spatial variability in
precipitation seasonality. The central TP and the region south of the Himalayas in India,
Nepal, and Pakistan (blue, cluster 6) exhibit the precipitation maximum in summer and
the minimum in winter. In this cluster the precipitation fraction increases rapidly from
June onward coinciding with the onset of the Indian summer monsoon. Therefore, we
refer to this cluster as the monsoonal precipitation cluster. During July and August more
than 50% of the annual precipitation falls in these regions, while from October to May
the monthly precipitation amount is below 5% of the annual precipitation. The yellow
cluster (3) has a much broader and less pronounced summer precipitation maximum and
the increase and decrease proceed with similar rates. The annual cycle of precipitation in
this cluster is determined by the seasonal cycle of solar forcing and therefore convective
activity. The green cluster (1) represents a transition zone between the monsoonal and
convective clusters where the monsoon can have an influence but is not dominant. This
means that both monsoonal precipitation and/or only solar forced convective precipitation
can occur. The naming convention does not mean that the monsoonal cluster precipitation is
not of convective nature, but it emphasises that the precipitation (development/variability) is
influenced by the monsoon, which is associated with the advection of tropical air masses.
The timing and strength of the precipitation maximum indicate a different forcing. In the
monsoonal cluster the precipitation maximum is higher, starts during the Indian summer
monsoon onset, and persists for a shorter time period. The monsoonal cluster is divided into
a northern and southern part by the Himalayas.

Fig. 4.2 Precipitation clusters (left) and the mean annual cycle of percentage contribution
of monthly precipitation to annual precipitation for each cluster (right). Figure taken from
Paper III.
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The grey-blue cluster (0) shows a winter precipitation maximum and is dominated by the
influence of the midlatitude westerlies. This cluster occurs mainly in the Pamir–Karakoram–
western Himalayas (PKwH) region, as one coherent pattern, and additionally in the eastern
part of the Tarim Basin. Fractional precipitation values are between 5 and 15% throughout
the year so that the annual cycle is less pronounced than for the summer precipitation clusters.
This may imply that the influence of the midlatitude westerlies is more constant year-round,
while the monsoon has a stronger but temporally more limited influence on precipitation on
the TP and its surrounding regions.

The light blue cluster (5) surrounds the grey-blue cluster at the southern flank of the
western Himalayas (western notch),and occurs in the eastern Tarim Basin and in the south-
eastern TP. In the light blue cluster the annual cycle of precipitation is less pronounced than in
the grey-blue cluster with a more evenly distributed seasonality of precipitation during spring
and summer with a minimum in November. It is interesting that the region in the south-east
of the TP, where the Brahmaputra Channel enters the TP, belongs to a different cluster than
the surroundings, which are divided between the three clusters dominated by convection:
blue, yellow, and green. There might be a stronger influence from AWT (due to being located
around the Brahmaputra channel, one of the major moisture pathways for monsoonal air
masses to the TP) which would make this region more similar to the surroundings of the
PKwH region regarding the factors controlling precipitation variability. Another possible
reason could be the occurrence of extratropical disturbances which propagate eastward along
the southern side of the Himalayas and can get terrain-locked in the eastern notch of the
Himalayas (Norris et al., 2015). This would lead to a higher moisture supply to the region
and therefore higher amounts of orographic precipitation. This kind of terrain locking of the
westerly flow in winter is described in detail for the western notch of the Himalayas by Norris
et al. (2015). This mechanism would explain the higher shares of winter precipitation in the
region around the Brahmaputra Channel and the affiliation to the same cluster occurring at
the southern flank of the western Himalayas in the western notch.

The remaining two clusters – red (4) and purple (2) – almost only appear in the Tarim
Basin. They are both characterised by a spring and early summer precipitation regime but
also show some differences. The fraction of precipitation in the purple cluster increases
sharply from March to May and June, when the maximum with a value of slightly above
20% occurs. The decrease is even sharper so that in July already only 6% of the annual
precipitation occurs. The annual cycle of the red cluster seems to be delayed relative to the
purple cluster, and the period of maximum precipitation is only one month long. In spring
the values are lower but higher in late summer and autumn, while these two clusters exhibit
almost the precipitation fraction during winter.
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The high mountain ranges of the Himalayas and Kunlun and Qilian Shan exhibit a
complex structure of different clusters over relatively short distances and therefore exhibit
no coherent patterns. This holds true also for the border area between the Karakoram and
the Tarim Basin. The mountainous region of the Pamir and Karakoram is represented by
only one cluster, which implies that this region is mainly influenced by one atmospheric
forcing (midlatitude westerlies) or that different controls have the same impact in this region.
The other mountain ranges lie in regions where an interplay of different controls occur, and
the temporal and spatial variability of precipitation is larger on smaller scales. As we have
shown in Paper II the water vapour transport to the TP from the southern border is controlled
by the westerlies or the monsoon in summer depending on how far each of the flows reaches
east or west along the southern foothills of the Himalayas.

Rain-gauge observations from the National Climatic Data Center (NCDC) were used to
compare the results of the precipitation clustering approach with observations. Overall, 27
of the 65 stations (41.5%) fall in the same cluster as the nearest HAR grid point (Fig. 12 in
Paper III). For 38 stations (58.5%) this is not true, but most of them fall in clusters with a
very similar annual cycle or in clusters which are spatially very close to the cluster to which
the HAR grid point belongs (Table 1 in Paper III). This is especially the case in the mountain
regions in the western, the south-eastern, and north-eastern parts of the domain, where at
least four different clusters occur on very small spatial scales. One has to take into account
that there is always a distance up to a few kilometres between the NCDC stations and the
respectively associated HAR grid point. This also can cause huge differences between the
elevation and altitude of stations and grid points due to the complex topography of the study
region, which in turn has an effect on the precipitation distribution. Additionally, the quality
of the station data is not always satisfactory and the time series often show gaps, leading to a
smaller database.

4.4 Variability of precipitation controls

In this Section we describe the spatial and temporal correlation of selected dynamical
variables and precipitation to reveal the underlying mechanisms through which the variables
influence precipitation and therefore act as controls of precipitation variability.

4.4.1 Horizontal wind speed at 300 hPa

The correlations between the horizontal wind speed at 300 hPa (WS300) and precipitation
are shown in Figure 4.3. There are high positive correlations in winter in the PMwH region;
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this is the time of the year when the majority of precipitation falls in this region (Fig. 8 and 9
in Paper I and Fig. 3.2 (Fig. 6 in Paper II)). The precipitation in the PMwH region is mainly
cyclonic/frontal precipitation and is associated with western disturbances (Dimri et al., 2015).
There are only negative correlations in the southern and eastern parts of the TP in winter,
which enlarges over spring and covers most of the central and north-eastern TP and large
parts of the central Himalayas, with the highest negative correlations in the central TP. The
reason for the negative correlations in these regions is that they are dominated by convective
precipitation (Paper I), and higher wind speeds in winter inhibit the deep convection. This
also explains why there are negative correlations almost everywhere in summer. The region
of negative summer correlations covers almost the same area as the convective and monsoonal
precipitation clusters (Fig. 4.2) combined, so the impact of WS300 explains some of the
precipitation clusters.

Fig. 4.3 Coefficient of correlation (rho) between horizontal wind speed at 300 hPa (WS300)
and precipitation for all months (01–12). Positive correlations are denoted in red, while
negative correlations are denoted in blue. Figure taken from Paper III.
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This confirms the findings of Mölg et al. (2014), who showed that the flow strength at the
300 hPa level above the TP, during the onset period of the Indian summer monsoon, exhibits
strong negative correlations with precipitation and explains 73% of the interannual mass
balance variability of the Zhadang glacier, located at the Nyainqênthangla range in the central
TP. They argue that weak flow conditions favour convective cell growth. This, together with
the high positive correlations in regions and seasons where frontal or cyclonic precipitation is
dominant, shows the strong influence of the subtropical westerly jet (midlatitude westerlies)
not only on the western parts of the study region but also on the TP itself, which previously
has mostly been described as mainly influenced by the monsoon system (Hren et al., 2009;
Tian et al., 2007; Yang et al., 2014). Previous studies have stated that the precipitation on the
TP is controlled by the midlatitude westerlies in winter and the Indian and east Asian summer
monsoon in summer (Hren et al., 2009; Tian et al., 2007; Yang et al., 2014). This assumption
is based only on precipitation timing, but we have shown in Paper II and so have Mölg
et al. (2014) that the midlatitude westerlies also have an impact on summer precipitation.
The current study confirms their findings by the detection of the negative influence of the
high horizontal wind speeds on precipitation (development, variability, amount) on the TP
in summer. Spiess et al. (2015) showed that in summer, increased horizontal wind speeds
at 400 hPa have a positive effect on the height of the equilibrium line altitude at glaciers
in different regions on the TP; they assumed that this could be caused by a reduction in
convective precipitation due to high wind speeds. Exactly this process is shown by the strong
negative correlations between horizontal wind speed at 300 hPa and precipitation in summer
on the TP (Fig. 4.3).

In spring there is a second region with positive correlations north of the TP in the Tarim
Basin and the bordering Kunlun and Qilian Shan. This area is reached by the northern branch
of the midlatitude westerlies, which delivers moisture for precipitation. The area around
the Brahmaputra Channel exhibits slightly positive correlations, due to enhanced moisture
transport by higher wind speeds. The region of high positive winter correlations exhibits
no or slightly positive correlations in only a small area in summer, and in some parts of the
region the positive correlations are replaced by negative ones. Since there is a non-negligible
amount of precipitation falling in this region in summer (20–40 percent points, see clusters 0
and 5 in Fig. 4.2), the lack/absence of positive correlations and the occurrence of negative
correlations means that a different factor controls precipitation variability and/or the same
control works in a different way due to higher shares of convective precipitation, especially
in the eastern part of the Pamir–Karakoram region.
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4.4.2 Horizontal wind speed in the boundary layer

Figure 4.4 shows that the correlations between the horizontal wind speed at model level 10
in the boundary layer (WS10) and precipitation are positive in the PMwH region in winter as
they are for WS300, but the region is larger, especially the region with correlations > 0.6.
The reason for the positive correlations is again the enhanced moisture supply due to higher
wind speeds and therefore also more orographic precipitation. The positive correlations in
the Brahmaputra Channel region (and south of it) are more pronounced, and the structure
of the Brahmaputra Channel itself is clearly visible. The moisture supply is enhanced
due to strengthened winds from the south, bringing moisture from the Indian Ocean to
the Himalayas. There are high positive correlations between the WS10 and precipitation
over the Tibetan Plateau in summer, while the correlations with WS300 are negative in
summer. This is because of the fact that the wind speed in the boundary layer can enhance
evapotranspiration from the surface (e.g. lakes; snow, glacier, and permafrost melt), which
leads to more moisture in the lower atmosphere available for precipitation. This correlation
again emphasises the importance of moisture recycling on the TP. In winter the correlations
on the TP are mainly negative because the effect of enhanced evapotranspiration is not active
due to the fact that all potential moisture sources are frozen during this time of the year.
Strong negative correlations occur south of the Himalayas and in northern parts of India in
summer. When the air flow from the south hits the mountain barrier, parts of the flow are
redirected to the south-east and north-west. The flow becomes divergent, which forces the air
above to descend,which in turn leads to unfavourable conditions for growing convection and
therefore precipitation.

The identified positive correlations of the wind speed in the boundary layer with precip-
itation in summer on the TP agree with the findings of Back and Bretherton (2005), who
detected positive correlations between near-surface wind speed and precipitation only when
convection can be triggered easily. Their study region was the Pacific ITCZ, but we assume
that their findings are also valid for the TP in summer, where the convective activity is high
and enough moisture is available at the surface.

4.4.3 Vertical wind speed at 300 hPa

The correlations between vertical wind speed at 300 hPa (Fig. 4.5) and precipitation are
mainly positive due to the positive effect of ascending air motion on precipitation devel-
opment, as expected, especially in summer when most of the precipitation is convective.
Therefore, the positive correlations are higher in summer than in winter when almost no
precipitation falls on the TP, although the mean vertical wind speeds (up- and downdrafts)
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Fig. 4.4 Coefficient of correlation (rho) between horizontal wind speed at model level 10
(WS10) and precipitation for all months (01–12). Positive correlations are denoted in red,
while negative correlations are denoted in blue. Figure taken from Paper III.

are higher in winter than in summer (Fig. 6 in Paper III). This shows that higher values of
one precipitation control alone do not necessarily lead to higher correlations and therefore
more precipitation but that usually other conditions favourable for precipitation development
have to occur. This supports the interpretation that precipitation variability is mostly caused
by combined effects of different precipitation controls.

The high mountain ranges of the Pamir and Karakoram show a pattern of alternating posi-
tive and negative correlations between vertical wind speed and precipitation. It was expected
that the correlations between the vertical wind speed would be positive on both sides of the
mountain ranges. But the negative correlations can be explained physically. If an air flow
hits a mountain range, the barrier causes orographically induced flow patterns, with updrafts
on the windward side and downdraft on the lee side of the mountain range. This causes
the precipitation to be smaller on average on the lee side because the downdrafts suppress
precipitation development. In the case of a stronger horizontal flow to the mountains, there
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Fig. 4.5 Coefficient of correlation (rho) between vertical wind speed at 300 hPa (W300) and
precipitation for all months (01–12). Positive correlations are denoted in red, while negative
correlations are denoted in blue. Figure taken from Paper III.

is stronger moisture advection and orographic precipitation, and therefore the downdrafts
on the lee side are no longer able to suppress precipitation. This leads to the simultaneous
occurrence of precipitation and downdrafts, which is the reason for the negative correlation
patterns on the lee side of mountain ranges found in the western parts of the study region.

4.4.4 Atmospheric water transport

Figure 4.6 shows the correlations between AWT and precipitation. The entire study region
is dominated by positive correlations in all months. The highest positive correlations occur
in winter and early spring in the PKwH region, where the correlation coefficient exceeds
0.8 in most regions. This is the time of the year when the maximum precipitation occurs
in this region (Fig. 4.2 and Fig. 8 and 9 in Paper I). The annual contribution of convective
precipitation in this region is below 10 percent points (Fig. 3.6), but the region exhibits
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orographic precipitation triggered by the advection of moist air masses with the westerly
flow and westerly disturbances (Cannon et al., 2014). Therefore, a higher moisture supply
naturally leads to more precipitation. The positive correlations in the western part of the
study region persist during the course of the year, even if their extent and strength varies. The
positive correlations extend to the TP, the whole Himalayan arc, and along the northern border
of the TP (Kunlun and Qilian Shan). These seem to be the moisture supply routes along the
branches of the midlatitude westerlies. A second centre of persistent positive correlation
occurs in the south-east of the TP, the region where the Brahmaputra Channel enters the TP.
This region exhibits less convective precipitation on annual timescales (Fig. 3.6), but it is
surrounded by regions with high convective precipitation rates. This explains the fact that
this region belongs to a different precipitation seasonality cluster than its surroundings (Fig.
4.2).

Fig. 4.6 Coefficient of correlation (rho) between column integrated atmospheric water
transport (AWT) and precipitation for all months (01–12). Positive correlations are denoted
in red, while negative correlations are denoted in blue. Figure taken from Paper III.
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In January and February, the Himalayan arc exhibits mostly positive correlations and
connects the area in the western parts of the domain with the other positive centre in the
south-eastern TP around the Brahmaputra Channel. The spatial minimum of the positive
correlations occurs in May, whereas the correlations are very high (r > 0.6) in the western
and south-eastern centres. In May the central TP exhibits no significant correlations which
may be caused by the fact that the AWT is very low on the TP in May ( Fig. 3.1). From then
on the area with positive correlations enlarges but the strength of correlation decreases. The
minimum values of the positive correlations occur in July and August. But then there are
positive correlations in the central TP, but they are not as high as in the western and south-
eastern parts of the domain during winter and spring. This shows that the precipitation during
this time of the year is mostly convective and that the moisture comes from local sources,
so that the advection of moist air masses is less important. In large areas of the domain,
the precipitation maximum occurs in July and August; 30% of the annual precipitation falls
on the central and southern TP during this time (Fig. 8 in Paper I). The regions where the
highest positive correlations occur are the regions where the precipitation maximum occurs
during winter, matching the grey-blue precipitation seasonality cluster (Fig. 4.2). There are
only a few regions and months where negative correlations occur, in the Tarim Basin during
winter and in the central Himalayas and northern India during summer.

The fact that the positive correlation of AWT with precipitation in summer on the central
TP is not as high as in the western parts of the study region in winter means that here the
convection is able to produce precipitation using the moisture from local sources, which
emphasises the importance of moisture recycling, as shown in Paper II using HAR data and
by Chen et al. (2012), Joswiak et al. (2013), and Kurita and Yamada (2008), among others.
Nevertheless, AWT still has a positive effect on precipitation, but it is not an essential control
during this time of the year on the central TP.

4.4.5 Boundary layer height

In Winter the correlation between the planetary boundary layer height (PBLH) and precipi-
tation (Fig. 4.7) are mainly positive, especially in the PKwH Himalaya region, forming a
coherent pattern, and along the northern and southern border of the TP, with some interrup-
tions, and in the eastern TP around the Brahmaputra Channel. PBLH is a precipitation control
which is itself controlled by horizontal wind speed, among others. The positive correlations
in winter in the Pamir/Karakoram region can be explained by higher horizontal wind speeds
and thereby more moisture advection leading to more precipitation, as described earlier.
Higher horizontal wind speeds lead to higher entrainment rates at the top of the PBL whereby
the depth of the PBL increases. During the year this picture changes and negative correlations
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become dominant. The negative correlations occur in regions and seasons dominated by
convection and consequently convective precipitation. Higher PBLH are caused by higher
horizontal wind speeds which have a negative effect on precipitation by cutting off deep
convection, as previously pointed out in this thesis. In May we see positive correlations left
only in the centre of the Pamir/Karakoram region and in the eastern TP, while in summer just
small and scattered areas with positive correlations occur. Most of these areas on the central
TP match the large lakes, e.g. Nam Co, Serling Co, and Tangra Yumco.

Fig. 4.7 Coefficient of correlation (rho) between planetary boundary layer height (PBLH) and
precipitation for all months (01–12). Positive correlations are denoted in red, while negative
correlations are denoted in blue.

To understand these contrary correlations, compared with the direct surroundings of the
lakes, we have to look at the PBLH itself. Figure 4.8 shows the averaged daily mean and daily
maximum PBLH for May as an example. The lowest PBLHs (mean and maximum) in the
domain are found at the high mountain ranges bordering the TP, because of the high altitudes
and low temperatures, and above the large lakes on the central TP. Reason for this seems to
be the fact that during daytime when the air temperature above land is higher than above the
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lakes, the air above the land starts to ascend and there is strong convective activity which is
amplified at the slopes of the surrounding mountain ranges (due to higher solar insulation).
Recirculation of the ascending air leads to subsidence of air above the lakes which lowers the
PBLH and suppresses precipitation. Suppression of precipitation by subsidence was already
described in Paper II for larger regions like the Qaidam Basin and the north-western parts of
India and Pakistan.

The positive correlations above the lakes, mean that higher PBLHs lead to more precipita-
tion in this area. These higher PBLHs occur when the wind speeds are higher, which leads to
more entrainment, which causes a deepening of the PBL above the lakes. This effect slightly
equalises the PBLHs above the lakes and the surrounding land and the differences become
smaller. Due to the increase of the PBLH, the prevailing subsidence above the lakes weakens
and precipitation development becomes possible.

In this chapter we presented simulated relationships, which have limitations. As always
the uncertainty of the results mainly depends on the accuracy of the data themselves, the
aggregation of hourly data to daily means, and the statistical methods used to analyse
the data. The HAR precipitation and other variables, e.g. wind speed and direction and
temperature, have been validated against other gridded data sets – global reanalyses and
remote sensing data – and observations from weather stations by (Maussion et al., 2011,
2014). The analysis of PBLH was not included in Paper III (Curio and Scherer, 2016) since
the PBL itself is strongly influenced by the horizontal wind speed and is determined in the
HAR by using the Mellor–Yamada–Janjic turbulent kinetic energy scheme (Janjic, 2002) for
PBL parameterisation. Therefore, one has to be cautious with these results and it would be
preferable to repeat this analysis using observations. Studies using observations confirm a
very high boundary layer over the TP, e.g. Yang et al. (2004).
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Fig. 4.8 Planetary boundary layer height (m) daily mean (top) and mean daily maximum
(bottom) in May (2001-2013).
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5. Conclusion and outlook

The TP plays a key role in Asian water cycle, as it is the origin of many large Asian
rivers providing water for billions of people downstream in South and East Asia. The TP
experiences high precipitation variability leading to dry spells and droughts, as well as to
severe snow- and rainfall events and subsequent floods. However, there are strong differences
between regions and seasons which are not yet well understood under present-day climate
conditions, making statements for past and future climates highly speculative.

The aim of this thesis was to gain a better understanding of the spatial and temporal
precipitation variability on the TP. In order to do so we used a newly developed high-
resolution dataset, the High Asia Refined analysis (HAR; Paper I, Maussion et al. (2014))
which allowed us to examine atmospheric water transport to and on the TP, and variables
dynamically controlling precipitation variability.

The first objective of this thesis was to examine the characteristics of the atmospheric
water transport over and to the TP as resolved by the HAR dataset. Concerning the first
objective, we focused on the seasonal evolution and vertical distribution of atmospheric water
transport to detect the main moisture pathways and to quantify how much moisture necessary
for the precipitation on the TP is provided from outside the TP and how much moisture
comes from local sources on the TP, i.e. through moisture recycling.

It was found that the main atmospheric moisture input to the TP takes place through
the southern and western boundaries while the main output takes place through the eastern
boundary making the TP a source of moisture for its downstream regions.

Our results show that there is direct atmospheric water transport through the western
boundary of the TP by the mid-latitude westerlies in summer. This result highlights that
the westerlies are not fully blocked by the TP. They deliver more moisture to the Tibetan
Plateau than assumed so far and their influence is not limited to winter. Additionally, the
westerlies contribute moisture to the TP through valleys in the western part of the Himalayas
(Himalayan arc) by the southern branch of the westerlies in summer. This implies that
moisture entering the TP from the south-west in summer can be transported there either by
the westerlies or the monsoon flow, depending on how far these systems extend eastward or
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westward along the southern slopes of the Himalayas, respectively. The examination of the
interplay of the two flows and what controls how far their respective influence reaches along
the Himalayan foothills would be an interesting topic for future work.

Our results using the high-resolution HAR show that high mountain valleys in the
Himalayas facilitate AWT from the south, whereas the high mountain regions inhibit AWT
to a large extent and limit the influence of the Indian summer monsoon. The realistic
representation of the topography of the high mountain ranges surrounding the TP is essential
for modelling AWT to and from the TP. Lin et al. (2018) conclude that a resolution of 10km,
as provided by the HAR, presents the best compromise between computational costs and
high enough resolution to minimise precipitation biases.

Shi et al. (2008) showed that it is also important to realistically represent the mesoscale
topography of the TP itself to be able to simulate mesoscale disturbances influencing the
precipitation variability on the TP and in the regions downstream. Therefore, the HAR could
be used to further examine meso-scale disturbances, as shown in this thesis for one case in
July 2004, and to analyse their role in facilitating moisture transport to the TP.

The water budget for the inner TP calculated in Paper II (Curio et al., 2015) reveals that
local moisture recycling is an important factor and provides more moisture than the input
from external sources (on average 60% versus 40%).

In future work, it would be interesting to analyse if and how the atmospheric water stored
in snow in winter contributes to the atmospheric water transport and precipitation of the
following warm season. Due to this storage term, the westerlies could play an even greater
role in the hydrological cycle of some regions of the TP in summer. Studying moisture
recycling in detail, e.g. how monsoonal moisture could reach the north-eastern parts of the
TP via multiple moisture recycling as mentioned by Yang et al. (2006), could help to gain a
better understanding of the water cycle on the TP. Additionally, the mixing of water vapour
sources as seen in the examination of the vertical structure of the transport shows that the
general question of where the moisture at a specific location is coming from often cannot be
answered by naming a single source. This can make the identification of moisture sources
using isotope signals difficult. Therefore, examining the part of the atmospheric column
where precipitation forms and an in-depth analysis of the atmospheric water transport fluxes
on individual levels could help to identify the moisture sources for precipitation in specific
regions. Additionally the remaining components of the water balance, e.g. evaporation and
run-off, should be considered in further studies.

Another research opportunity is to analyse if there are significant differences in the AWT
patterns in wet and dry years to find out whether the extremes are influenced by changes in
the atmospheric circulation or only by a change of the transported amount of atmospheric
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water. Previous studies have identified large-scale teleconnections, such as the influence of
the North Atlantic Oscillation (NAO) mode during wet and dry periods, have been analysed
for longer periods by, e.g. Liu and Yin (2001) and Bothe et al. (2010, 2011). The novel HAR
dataset offers the opportunity to re-examine their findings with the advantage of its higher
spatial and temporal resolution, more realistic representation of the complex topography of
the study region and better representation of mesoscale atmospheric processes.

In addition to atmospheric moisture availability dynamical effects influence precipitation
enhancement and suppression. For example, large amounts of atmospheric water over the
dry Qaidam Basin do not result in precipitation due to upper level subsidence. Therefore,
the second objective of this thesis was to gain a better understanding of the relationship
between dynamical variables and precipitation variability and the underlying processes since
precipitation is the key element of the hydrological cycle of the TP and the surrounding
high mountain ranges. Precipitation variability has a large impact on the water availability
and therefore security in the densely populated downstream regions of India, Pakistan, and
south-east Asia by governing river runoff directly through precipitation or with a time lag
through snow and glacier melt.

Concerning the second objective of this thesis, we analysed the relationship between 5
selected atmospheric variables and precipitation variability on the TP in Paper III (Curio and
Scherer, 2016). The results show that different factors influence precipitation in different
regions of the TP and adjacent high mountain ranges during different times of the year and
in different ways. For example, the 300 hPa wind speed has a positive effect in the western
parts of the study region in winter and spring, while it has a negative effect on precipitation
on the TP in summer.

The positive correlation of AWT with precipitation is higher in winter at the high mountain
ranges in the western part of the study region than in summer on the central TP. This result
shows that on the central TP the strong convection in summer is able to produce precipitation
with the moisture available from local sources, emphasising the importance of moisture
recycling as shown in Paper II (Curio and Scherer, 2016).

Different dynamical factors controlling precipitation variability are not independent from
each other. For example, the AWT is influenced by processes in the boundary layer and
higher horizontal wind speeds enhance evaporation and lead to higher transport rates. On
the other hand high AWT does not lead to precipitation development in regions dominated
by convective precipitation if high wind speeds cut off deep convection. Therefore, a future
research opportunity could be to analyse the combined effects of precipitation controls. A
combination of a principal component analysis of the dominant patterns and cluster analysis
to detect control regimes, as in Forsythe et al. (2015), could be employed to obtain a climate
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classification for the Himalayan arc and its surroundings. These regimes could help to
explain regional features of glacier mass balance, like the Karakoram anomaly (Hewitt,
2005) or observed lake level changes (Liu et al., 2010; Zhang et al., 2011), which show a
different behaviour compared to the surrounding regions. Other factors affecting precipitation
variability , e.g. dust particles originating in the arid regions could play a role in precipitation
suppression (Han et al., 2009)

The third objective of this thesis was to gain a better understanding of the roles the
mid-latitude westerlies and the summer monsoon system play for atmospheric moisture
transport to the TP and precipitation variability on the TP.

Concerning the third objective, we have shown in Paper II (Curio et al., 2015) and Paper
III (Curio and Scherer, 2016) that the impact of the midlatitude westerlies on precipitation
variability on the TP is strong, not only in winter, by enhancing moisture advection for
orographic and frontal precipitation in the western parts of the study region but also in
summer by cutting off deep convection on the TP and in other regions and seasons where
and when precipitation is mainly convective.

Therefore, the TP and the entire study region can be partitioned by considering the
dominant form of precipitation that occurs: cyclonic/frontal or convective precipitation. This
enables us to more clearly determine the relevance of the monsoon system and the midlatitude
westerlies for the precipitation distribution. Perhaps it is possible to say that the precipitation
on the central TP in summer is influenced by the monsoon system regarding moisture supply;
however, moisture recycling is also important, and the mid-latitude westerlies act as a control
regarding the suppression or enhancement of precipitation due to the strong negative effect
of high horizontal wind speeds on the development of deep convection.

The classification of precipitation has been determined by a cluster analysis using the
percentage of monthly contribution to annual precipitation amounts and shows a mostly
monsoonal influenced cluster, a convective cluster, and a hybrid cluster in between. The
hybrid cluster shows that, climatologically, there is no delineation of the extent of the
monsoon and how far its influence reaches on the TP. There is a relatively broad area between
precipitation influenced by the monsoon and solely convection-dominated precipitation
caused by the inter-annual variability of monsoon strength and other factors like the position
and strength of the subtropical westerly jet.
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AND ROMAN FINKELNBURG

Chair of Climatology, Technische Universit€at Berlin, Berlin, Germany

(Manuscript received 14 May 2013, in final form 4 October 2013)

ABSTRACT

Because of the scarcity of meteorological observations, the precipitation climate on the Tibetan Plateau and

surrounding regions (TP) has been insufficiently documented so far. In this study, the characteristics and basic

features of precipitation on the TP during an 11-yr period (2001–11) are described on monthly-to-annual time

scales. For this purpose, a new high-resolution atmospheric dataset is analyzed, theHighAsiaReanalysis (HAR),

generated by dynamical downscaling of global analysis data using theWeather Research and Forecasting (WRF)

model. TheHARprecipitation data at 30- and 10-km resolutions are comparedwithboth rain gauge observations

and satellite-based precipitation estimates from theTropicalRainfallMeasurementMission (TRMM). It is found

that the HAR reproduces previously reported spatial patterns and seasonality of precipitation and that the high-

resolution data add value regarding snowfall retrieval, precipitation frequency, and orographic precipitation. It is

demonstrated that this process-based approach, despite some unavoidable shortcomings, can improve the un-

derstanding of the processes that lead to precipitation on the TP.Analysis focuses on precipitation amounts, type,

seasonality, and interannual variability. Special attention is given to the links between the observed patterns and

regional atmospheric circulation. As an example of an application of theHAR, a new classification of glaciers on

the TP according to their accumulation regimes is proposed, which illustrates the strong spatial variability of

precipitation seasonality. Finally, directions for future research are identified based on the HAR, which has the

potential to be a useful dataset for climate, glaciological, and hydrological impact studies.

1. Introduction

The Tibetan Plateau and adjacent mountain ranges

(TP)—Himalayas, Karakoram, Pamir, Kunlun, andQilian

Shan (cf. Fig. 1)—play a crucial role for downstream hy-

drology and water availability in Asia (Immerzeel et al.

2010). Rainfall, snowmelt, and, to a lesser extent, glaciers

dominate the hydrological budget of the TP (Bookhagen

and Burbank 2010), but the relative importance of these

factors varies largely between regions and watersheds

(Kaser et al. 2010). Most glaciers in the Himalayas (Bolch

et al. 2012) or on the Tibetan Plateau (Yao et al. 2012) are

retreating, but they show contrasting patterns of shrinkage

(K€a€ab et al. 2012). Local factors (e.g., exposition, topog-

raphy, and debris coverage) partly account for these dif-

ferences, but spatial and temporal heterogeneity of climate

and climate change (Palazzi et al. 2013) play a role that has

yet to be quantified, especially in the regions where in situ

measurements are nonexistent.

The TP climate is under the combined and competi-

tive influences of the East Asian and South Asian

monsoons (Webster et al. 1998) and of the westerlies

(Schiemann et al. 2009). The role of the TP as a con-

trolling factor for the Asian monsoon system and for

atmospheric circulation at hemispheric scale has been

studied for a long time (Hahn and Manabe 1975) and

continues to be a key research topic (e.g., Molnar et al.

2010;Wu et al. 2012).While the mechanical and thermal

effects of the highly elevated TP on global circulation

patterns has received much attention, the strength and

nature of the couplings between the various monsoon
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systems and the westerlies and especially their effects on

TP precipitation variability remain less studied so far.

A substantial part of precipitation on the TP falls as

snow. Spring TP snow cover has been proven to be a

significant predictor for southwest Asian monsoon var-

iability (Immerzeel and Bierkens 2010). The variability

of snowfall frequency and intensity during spring/

summer and related surface albedo conditions on gla-

ciers also have a considerable impact on glacier mass

balance. The timing and amount of snowfall in the early

ablation (mass loss) season is a key process for the sur-

face energy balance of glaciers and anomalous events

(either dry or wet) initiate effects that can persist during

the entire ablation season (e.g., M€olg et al. 2012; Yang

et al. 2011, 2013). Glaciers on the TP are diverse in type

regarding accumulation and ablation patterns, which are

largely tied to precipitation amount and seasonality

(Fujita 2008; Shi and Liu 2000).

The major reason for our lack of knowledge about

the TP climate is the paucity of meteorological data.

Permanent weather stations are scarce and confined to

lower altitudes (Qin et al. 2009) and therefore are not

representative of the high mountain climates. Global

reanalysis datasets have coarse resolution that limits

their representation of the mountainous topography.

Of all climatological elements affected by topography,

precipitation is probably the most complex and the most

poorly represented by coarse-resolution grids (e.g., You

et al. 2012; Bohner 2006).

Regional numerical weather prediction (NWP) models

can be used to simulate precipitation fields and other me-

teorological variables at a high-spatiotemporal resolution.

Longer time spans of years to decades can be simulated

by NWP models by successive reinitialized model runs

of shorter periods forced by large-scale observational

datasets (e.g., Lo et al. 2008). In this study, we present

a dataset generated using this method, that provides

a tool to study atmosphere-related processes on the TP

[the High Asia Reanalysis (HAR), described in section

2]. TheHAR spans a period of more than 11 yr (October

2000–December 2011) and comprises two datasets with

different spatial coverage and objectives: a domain of

30-km resolution including most parts of south and

central Asia and a nested domain of 10-km resolution

covering the TP andmost parts ofHighAsia (Fig. 1). For

simplicity, we use the acronym TP when referring to the

Tibetan Plateau and surrounding mountain ranges as

comprised in the 10-km-resolution High Asia domain.

The purpose of this study is twofold:

(i) describe the characteristics of precipitation (amount,

type, seasonality, and variability) on the TP at

monthly to annual time scales and obtain a more

spatially detailed pattern than is possible from the

few available observations (Fig. 1), as far as allowed

by the accuracy and the resolution of the HAR and

(ii) provide some insights into the factors that lead to

precipitation on the TP and propose perspectives

for future research based on the HAR.

Producing accurate precipitation data using an atmo-

spheric model is not trivial. Maussion et al. (2011, here-

afterMA11) conducted a sensitivity analysis for a 1-month

period during which strong rainfall and snowfall occurred

on the TP and evaluated the model precipitation output

FIG. 1. Maps of the WRF model domains HAR30 (south-central Asia domain, 30-km resolution; 2003 200 grid

points) and HAR10 (High Asia domain, 10-km resolution; 270 3 180 grid points). Glacier outlines from the

Randolph glacier inventory are drawn in blue, and the positions of the NCDC stations used for the validation are

indicated by white triangles. Geographical locations mentioned in the text are indicated.

1 MARCH 2014 MAUS S ION ET AL . 1911



with (i) eight different physical parameterization schemes

and (ii) several nesting and reinitialization configurations.

No physical parameterization scheme outperformed the

others for all the tests, but much effort went into choosing

themodel setup that performs best to produce the dataset

presented in this study. In the first part of this paper, we

assess the HAR precipitation output for the 11-yr period

and evaluate its accuracy and potential errors. This

evaluation is carried out by all available means; that is, by

comparing the simulated precipitation with available

surface and satellite observations but also by analyzing

precipitation patterns and seasonality in the broader

context of our current knowledge about precipitation in

complex terrain and on the TP. The temporal resolution

and extent of the HAR allows the analysis of processes

from hourly to interannual time scales. In this study, we

will not analyze diurnal cycles of precipitation or single

stochastic weather events, although such aspects could

also be addressed with the HAR dataset (see MA11).

In the following section, we describe the methods used

to produce the HAR. The datasets used for the validation

of the precipitation data are described in section 3. In

section 4, we present and discuss the results. Section 5

shows an application example and provides a new map of

glacier accumulation regimes based on precipitation sea-

sonality. In section 6, we draw the conclusions of our study.

2. The High Asia Reanalysis dataset

To obtain gridded meteorological data at high-spatial

and high-temporal resolutions, one general approach is

to dynamically downscale a gridded global dataset that

has been produced by data assimilation of a multitude of

quality-controlled observations. Through data assimi-

lation on the global scale, the resulting analysis or

reanalysis dataset represents a physically consistent

‘‘best guess’’ of the state of the atmosphere at each time

(usually at 6-h intervals). One of the basic requirements

of our approach is that the downscaled data should rep-

resent as closely as possible the information that suitable

observations would have delivered. This implies that the

conditions at Earth’s surface influencing atmospheric

processes, particularly in the boundary layer, need to be

described in sufficient spatial detail.

Lo et al. (2008) analyzed different dynamical down-

scalingmethods and showed that consecutive reinitialized

runs outperformed continuous long-term integrations

with a single initialization, in particular when the re-

initialization frequency was weekly instead of monthly.

Other studies (e.g., von Storch et al. 2000) have success-

fully applied spectral nudging to continuous long-term

integrations for dynamical downscaling, a technique that

prevents the model from drifting away from the driving

large-scale states while concurrently allowing the devel-

opment of mesoscale processes. The major drawback of

the latter method for our purposes is that no reinitializa-

tion takes place during which assimilated observations

could possibly correct drifts in the land surface model or

near-surface atmospheric variables.

MA11 tested different options for dynamical down-

scaling using reinitialization. Using almost the same

domain as in this study, they showed for a test case that

reinitialization sequences of daily runs outperformed

weekly simulations. Based on these findings, we decided

to follow a daily reinitialization strategy, which addi-

tionally prevents the land surface model from drifting

away from the states provided by the analysis data.

Several studies made use of this technique for regions

of comparable environment (complex terrain and scarce

observations): for example, Iceland (Bromwich et al.

2005), Greenland (Box et al. 2006), and the Arctic

(Wilson et al. 2011).

The NWP model used to generate the HAR is the

Advanced ResearchWeather Research and Forecasting

model (WRF-ARW; Skamarock and Klemp 2008). The

dataset consists of consecutive reinitialized model runs

of 36-h time integration. Each run starts at 1200 UTC.

The first 12 h from each run are discarded as spinup

while the remaining 24 h of model output provide 1 day

of the 11-yr-long time series. The model configura-

tion used for the HAR is summarized in Table 1. The

model is forced with the GFS operational model global

tropospheric analyses [final analysis (FNL); dataset

ds083.2], which are available every 6 h and have a spatial

resolution of 18. FNL data rely on numerous data sources,

such as remote sensing data from Earth observing

satellites assimilated together with surface and upper

air reports from global observation networks. The data

include pressure, geopotential height, temperature, dew-

point temperature, and wind direction and speed (National

Centers for Environmental Prediction 2014). In the de-

velopment phase of the HAR, the Interim European

Centre for Medium-RangeWeather Forecasts (ECMWF)

Re-Analysis (ERA-Interim) dataset (Dee et al. 2011)

was evaluated as a possible forcing dataset. We found

that the accuracy of the HAR precipitation was im-

proved when driven by FNL (Figs. S1–S3; see supple-

mentary material). Moreover, initialization issues with

ERA-Interim related to the treatment of snow cover

in heavily glaciated grid cells1 (Collier et al. 2013; Figs.

S4–S6) and a summer cold bias on the TP further sup-

ported the choice of FNL.

1 In ERA-Interim, snow depth is arbitrarily initialized at 10m for

grid cells with greater than 50% glacier coverage.
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In this study, a few minor setup changes with respect

to MA11 were made, including upgrading the WRF

model to version 3.3.1 and using the recently introduced

inland water surface temperature initialization module.

Since we expect the HAR dataset to be used as input

data for hydrological and glaciological modeling, an

adequate representation of ice-covered ground is im-

portant. Thus, we updated the original ice mask in the

geographical land cover data with the Randolph glacier

inventory, version 1.0 (RGI V1; Arendt et al. 2012).

Since these modifications have a limited impact on the

model output at regional scale (Collier et al. 2013), they

will not be discussed here. The two-way nested cascad-

ing approach defined in MA11 has been followed here

too. First the 10-km-resolution domain is run within the

30-km domain using the two-way nesting option, and

then the 30-km-resolution domain is run alone to avoid

inconsistencies due to the presence of the child domain.

This allows us to consider the WRF model at 30 km

(HAR30) and WRF model at 10 km (HAR10) as two

different, complementary datasets.

Our approach using dynamical downscaling with short-

term integration and daily reinitialization can be called

‘‘regional reanalysis,’’ following the ideas of, for exam-

ple, Kanamitsu and Kanamaru (2007) or von Storch

et al. (2000), who concluded that dynamical downscaling

using spectral nudging may be seen as an indirect data

assimilation technique. For the HAR we have not, how-

ever, performed data assimilation on the regional level,

as is the case with ‘‘true’’ regional reanalyses like the

North American Regional Reanalysis (NARR). Be-

cause of the scarcity of both surface observations and

radio soundings as well as their inaccessibility, varia-

tional data assimilation is not possible for the TP. To our

knowledge, such a comprehensive and process-based

dataset is currently unique for the TP, and therefore the

HAR is intended to fill a gap where other regional re-

analyses are not available.

For the potential users of the dataset (atmospheric

scientists, hydrologists, glaciologists, etc.), the WRF

model output has been postprocessed for easy use. We

provide separate data files per variable, per year, and per

time aggregation (hourly, daily, monthly, and yearly), as

well as vertically interpolated fields at standard pressure

levels in addition to the model sigma levels. A webpage

has been created for HAR users where the data can be

downloaded (available at http://www.klima.tu-berlin.de/

HAR). The range of applications of this dataset is rich

and unexplored. So far, the HARhas been used byM€olg

et al. (2012, 2014), who employed the HAR as input for

a glacier energy and mass balance model; by Krop�a�cek

et al. (2013), who quantified the relation of air temper-

ature and wind speed to the icing periods of large lakes

on the plateau; and byDietze et al. (2014), who analyzed

sediment transport processes at four sites on the plateau.

We used the daily, monthly and yearly products from

HAR30 and HAR10 (version 1) for this study. We

consider the time span ofOctober 2000–September 2011

but for simplicity we use the term ‘‘decade’’ for these 11

hydrological years. For the seasonality analyses we use the

classical quarters: December–February (DJF), March–

May (MAM), June–August (JJA), and September–

November (SON). To avoid singularities we removed 10

and 5 grid points from the HAR30 and HAR10 domain

boundaries, respectively. Unless specified otherwise, all

figures and analysis are made using the original model

grids.

TABLE 1. HAR model strategy.

Map and grids

Map projection Lambert conformal

Center point of domain 30.08N, 87.08E
Number of vertical layers 28

Horizontal grid spacing 30 km and 10 km

Unstaggered grid points 200 3 200 and 270 3 180

Static geographical fields U.S. Geological Survey (USGS)

dataset at 100 and 50 resolution,
glacier outlines from theRGIV1

Timing

Simulation period October 2000–September 2011

Time step 120 s and 40 s

Nesting strategy

Nesting Two-way nesting in cascade

simulations

Forcing strategy

Boundary conditions National Centers for Environmental

Prediction (NCEP) FNL from

Global Forecast System (GFS)

operational model global tropo-

spheric analyses (18, 6 hourly)

Sea surface temperature NCEP Marine Modeling and

Analysis Branch (MMAB)

real-time global SST (RTG_SST)

analysis (0.58, daily)
Lake surface temperature WRF model inland water module

(avg_tsfc)

Initialization Daily

Runs starting time Daily, 1200 UTC

Runs duration 36 h

Spinup 12 h

Physical parameterization schemes

Shortwave radiation Dudhia scheme

Longwave radiation Rapid Radiative Transfer Model

(RRTM)

Cumulus parameterization New Grell–Devenyi 3 sheme

Microphysics Modified Thompson scheme

Land surface model Noah land surface model (LSM)

PBL Mellor–Yamada–Janji�c turbulent

kinetic energy (TKE)
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3. Validation data and assessment methods

a. Weather stations

The HAR precipitation data are compared with rain

gauge precipitation records from the ‘‘Global Summary

of the Day’’ provided by the National Climatic Data

Center (NCDC). We conduct our evaluation for the TP

region. Thus, the weather stations selected for this study

must satisfy two criteria: they are located within the

HAR10 domain and are located above 2000mMSL.We

built monthly aggregated time series of precipitation

rates (mmday21; day is abbreviated by d in figures)

based on daily values and discarded months where less

than 90% of the records were available. To ensure

a correct reconstruction of the seasonal cycle at each

station, we discarded the stations that did not include at

least three valid months of each calendar month during

the decade. After this filtering, 31 stations are left, of

which 26 provide a gap-free time series, four contain a

1-month gap, and one has 51 valid months. The weather

stations are not homogeneously distributed over the

study region (Fig. 1), since they lie in more densely

populated regions in the southern and eastern parts of

the TP. In fact, some climatic precipitation regimes are

not represented by this station population. To compare

gridded precipitation data with the rain gauges, the

nearest grid point is taken without interpolation (other

interpolation methods—bilinear and cubic—did not

change the results significantly). We use standard skill

scores statistics for the assessment: mean deviation

(MD; or mean bias), mean absolute deviation (MAD),

and Pearson correlation coefficient r. For the daily

precipitation occurrence statistics we use the Heidke

skill score (HSS; Wilks 1995), computed from a con-

tingency table (MA11, their Table 2). The HSS can

only evaluate the detection or nondetection of discrete

events; therefore, the tested events are defined as fol-

lows: precipitation exceeds a threshold T. The HSS in-

dicates the capability of a simulation to be better or worse

than a random simulation and ranges from21 to 1 (1 for

a perfect simulation and 0 for a random guess).

b. TRMM precipitation

Because of the uneven spatial distribution of the sta-

tions, we also compare the HAR precipitation output to

precipitation estimates from the Tropical Rainfall

MeasuringMission (TRMM). The TRMMprecipitation

estimates are derived from a combination of remote

sensing observations calibrated against a large number

of rain gauges on a monthly basis. In this study, the 3B42

(daily) and 3B43 (monthly) version 7 products are used

(Huffman et al. 2007). The TRMM dataset covers the

regions between 508N and 508S with a spatial resolution

of 0.258. It has been previously used to study convective

activity on the TP (Yaodong et al. 2008) and in northern

India (Medina et al. 2010), to study the diurnal cycle of

precipitation over the TP (Zhou et al. 2008), and to

validate atmospheric modeling studies (Chow and Chan

2009; MA11). The resolution of the TRMM 3B43

product (;28 km) allows a quantitative evaluation of

HAR30 precipitation only.

As indicated by its name, TRMM was primarily

designed for measuring tropical (i.e.: convective)

rainfall. It has been shown that its accuracy on the TP is

affected by sampling problems because of low grid

resolution (Bookhagen and Strecker 2008; Yin et al.

2008). The authors of the latter study emphasize that

TRMM performs poorly during winter, because of the

presence of snow and ice over the TP (snow and ice

on the ground scatter microwave energy in a similar

fashion as ice crystals and raindrops in the atmo-

sphere). Therefore, TRMM estimates in winter and

more generally over the TP region should be analyzed

with care.

Additionally, we used the 1998–2009 rainfall cli-

matologies from Bookhagen and Burbank (2010).

This dataset is processed from the TRMM 2B31

product and is a rainfall estimate at higher resolution

than the TRMM 3B43 product (;5 km). Only the

mean decadal climatologies are freely available, and

they are computed for a slightly different period than

the decade we consider. Therefore, we use the TRMM

2B31 dataset to qualitatively compare orographic

precipitation with the HAR10 precipitation product.

4. Results and discussion

a. Seasonal climatologies at the synoptic scale

An overview of DJF and JJA climatologies derived

from HAR30 is provided in Fig. 2. In DJF (left panel),

a geopotential height (GPH) gradient produces strong

westerly winds (Figs. 2c,e) over much of the domain

(the GPH maximum, hidden by the color scale, is lo-

cated at ;138N). The winter monsoonal land to sea

breeze (e.g., Qian and Lee 2000) characterizes the

surface wind regime in the tropics (Arabian Sea, Bay of

Bengal, and South China Sea; Fig. 2a). On the TP the

westerlies dominate while in the north, surface winds

are heterogeneous. TheDJF season ismostly dry (Fig. 2a):

precipitation occurs over land 1) in central Asia and

western TP as a result of the orographic uplift of the

westerly flow, 2) at coastal areas under moist sea-

breeze flow (e.g., Vietnam, Malaysia, Sri Lanka), and

3) in southern China.

In JJA, the core Asian summer monsoons (ASM)

season, the circulation patterns change dramatically.
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The reversal of surface winds over oceans and coasts is

characteristic of the monsoonal climate (Fig. 2b). The

westerly flow is weaker and the main jet axis is shifted to

the north (408N; Fig. 2f) as a result of the summer hemi-

sphere heating. Simultaneously, the tropical easterly jet

forms in the upper troposphere. The warmest air in the

free atmosphere is now located south of the TP as evi-

dent from the potential temperature field, as a result of

both surface and convective heating. Two midtropo-

sphere low pressure systems characterize the mean

FIG. 2. Decadal (2001–11) seasonal means in the HAR30 dataset for (left) DJF and (right)

JJA. (a),(b) Total precipitation and 10-m wind vectors (every fifth grid point). (c),(d) Geo-

potential height and horizontal wind vectors at the 500-hPa level. Note that the color scale

represents a different range for winter (low: 5.24 km; high: 5.89 km) and summer (low: 5.67 km;

high: 5.90 km). (e),(f) Horizontal wind speed (m s21; gray shades) and potential temperature

(K; dashed color contours) along a latitude–pressure transect at 908E. Dashed gray contours

represent negative zonal wind.
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atmospheric circulation patterns at 500 hPa (Fig. 2d;

Wang 2006): the monsoonal depression over India

(which extends from the surface up to;400hPa) and the

thermal low over the TP (confined to the TP boundary

layer). Surface winds over the TP and partly over India

follow the 500-hPa flow, with the exception of the Ara-

bian Sea where surface winds are flowing in the opposite

direction (they follow the Somali jet at ;850 hPa; not

shown). The combined blocking effects of topography

and of the Tibetan low seem to divide the 500-hPa

westerly flow reaching the TP in a south and north

stream. As a result of the ASM circulation, precipitation

is observed at the Indian southwest coast, in Bangladesh,

in the Indochinese peninsula, and in southeast China

(Fig. 2b). The blocking effect of the Himalayas on the

low-level atmospheric flow is clearly visible, as well as

the orographically induced precipitation spells at the

mountain ridges. The Pamir and Karakoram mountain

ranges aremostly dry, but the Tien Shan is wetter than in

DJF.

b. Comparison with observations

1) MONTHLY PRECIPITATION

We compare HAR and TRMM monthly precipita-

tion with station observations in Fig. 3. The top panel

shows the scatterplots and skill statistics for all sta-

tions and months. The results indicate an improvement

between HAR30 and HAR10, as the former tends to

overestimate precipitation and shows larger scatter. This

confirms the findings of MA11 and other studies (e.g.,

Heikkila et al. 2011) that demonstrated the positive ef-

fect of higher resolution in complex terrain on simulated

precipitation. The added value of higher resolution is

also evident when spatially averaging the HAR10 da-

taset on the HAR30 grid (HAR10/30). The HAR10/30

still shows an improvement to HAR30 and has even

slightly better correlation values than HAR10, while the

other HAR10 scores remain better. The TRMM 3B43

product better explains the variance at the stations

(higher correlation and lower MAD) but has a larger

positive bias (MD).

Precipitation seasonality and interannual variability is

well reproduced by the HAR (Fig. 3, bottom panel).

Anomalous events on the TP, such as the driest year

2006 or the wet winter of 2008, are well represented. For

the averaged time series, HAR10 is closer to observa-

tions than the TRMM 3B43 product (MD of 0.089 and

0.26mmday21 and MAD of 0.23 and 0.26mmday21,

respectively). However, the HAR diverges from the

station data after 2007 in the summer months. The

reasons for the disagreement are unclear, but the shift

could be related to changes in the FNL assimilation

system that occurred in 2007 (K. Manning 2013, per-

sonal communication). We compared HAR30 with the

TRMM 3B43 product over the HAR30 domain and

FIG. 3. Comparison of monthly precipitation rates (mmday21; 2001–11) with NCDC stations observations (31 stations; 4007 valid

months). (top) Scatterplots of HAR30, HAR10/30, HAR10, and TRMM 3B43 and statistical scores r, MD (mmday21), and MAD

(mmday21). HAR10/30 is constructed by spatially averaging HAR10 on the HAR30 grid. (bottom) Monthly precipitation time series

(mmday21) averaged for all stations.
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found that the statistical metrics are regular and con-

stant throughout the decade, and no singularities could

be detected (see Fig. S7 in the supplemental material).

Similarly, we reproduced the analysis presented in

Fig. 3 for all stations available in HAR10 (not only on

the TP, thus doubling the number of stations) and

found that (i) the updated scores confirms the results of

Fig. 3 and (ii) the period 2007–11 does not appear to be

singular (Fig. S8). Therefore, we argue that this shift

either is only occurring on the TP or is an artefact re-

sulting from the small number of stations used for the

validation.

In Fig. S9 of the supplemental material, we present

further validation analysis, this time by considering the

mean seasonal cycle at each station location. Most sta-

tions have a characteristic summer precipitation regime

but there are variations in both shape and magnitude

that are captured by the HAR. It is worth noting that

both TRMM and HAR show inconsistent deviations

(positive or negative) at stations located close to each

other. Since both datasets are produced with a spatially

consistent methodology, these discrepancies are proba-

bly related to spatial sampling problems.

2) DAILY PRECIPITATION

One of the key objectives of the regional reanalysis is

to represent past weather and therefore to be able to

trace precipitation events (see MA11 for a day-by-day

analysis of a severe precipitation event on the TP).

Figure 4a shows the histograms of daily mean precip-

itation at the station locations for HAR10 and TRMM

3B42. The three histograms are close to each other for

lower precipitation amounts (about 92% of all days are

found in the 0–5mmday21 bin), but TRMM 3B42 over-

estimates the frequency of higher precipitation amounts

(Zhou et al. 2008 also report that TRMM overestimates

the frequency of precipitation in the diurnal variation).

The HAR10 histogram is close to the stations, even for

the extreme events. The HSSs of TRMM 3B42 and

HAR10 are displayed in Fig. 4b. TheHAR is closer to the

stations for small thresholds, a feature that could be

a result of the known problems of TRMM in detecting

small raindrops and other issues related to irregular sat-

ellite overpasses (Kidd and Levizzani 2011). The HSSs

decay rapidly for larger thresholds and faster for HAR10

than for TRMM 3B42. For higher amounts HAR10

performs better again, in accordance with the histograms

presented in Fig. 4a.

c. Precipitation over the TP and orography

Figure 5a shows the decadal mean of HAR10 annual

precipitation over the TP. There are large regional con-

trasts, from less than 50mmyr21 in the Tarim basin to

more than 6000mmyr21 (35 grid points) in the southeast

Himalayan foothills. As shown in Fig. 2b, the moist flow

originating in Bay of Bengal is blocked by theHimalayas

and redirected northwest following the range, generating

an east–west precipitation gradient. The uplift caused by

the Himalayan range generates an orographically in-

duced ‘‘precipitation barrier,’’ leaving the regions north

of the range with drier air masses and less precipitation.

On the TP, there is a clear southeast–northwest gradi-

ent, which is often attributed to the fact that most of

the moisture is transported from the southeast by the

monsoonal flow (e.g., Feng and Zhou 2012).

For completeness, we plotted TRMM 3B43 mean

precipitation for the same period (Fig. 5b) and the 1998–

2008 rainfall decadal mean from TRMM 2B31 (Fig. 5c).

Similar features are observable in all three datasets: for

example, the location of precipitation maxima, the gra-

dients, the precipitation belt along the Himalayas, and

the dry Tarim and Qaidam basins. However, HAR10

and TRMM 2B31 are more in agreement for detailed

patterns such as the dry spell in the lee side of the

FIG. 4. (a) Histograms of daily precipitation amounts in the NCDC stations, HAR10, and

TRMM data (note the logarithmic scale of the y axis) and (b) HSS for daily precipitation.
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Himalayas. The influence of orography is less pro-

nounced in TRMM 3B43 on the TP, while it plays an

obvious role in triggering precipitation in TRMM 2B31

and HAR10. The largest differences at regional scale

between HAR10 and TRMM 3B43 are found in the

Pamir and Karakoram regions and in northwestern Ti-

bet. These regions experience mostly winter pre-

cipitation (Fig. 2a), with the majority falling as snow

(Fig. 5d). The regions with large snowfall contribution to

the total precipitation are the high mountains and the

northwestern part of the TP, where temperatures are

lower.

Interestingly, regions with larger discrepancies between

TRMM and HAR10 correspond to areas with higher

snowfall percentages. This is corroborated in Fig. 6,

which shows the relative difference between TRMM

3B43 and HAR10 plotted against snowfall contribution

at each grid point. There is a clear relationship between

precipitation difference and snowfall, which is consis-

tent with results of previous studies of possible TRMM

detection errors of frozen precipitation (e.g., Yin et al.

2008). Although it is generally difficult to quantify the

accuracy of the HAR snowfall data, there is support

from studies in high mountains that the WRF model is

able to reproduce observations (e.g., M€olg and Kaser

2011; M€olg and Scherer 2012). We repeat the analysis of

M€olg and Scherer (2012) at one station location where

snowfall information was available (Fig. S10 in the

supplemental material) and found that the HAR cap-

tures well the phase of the precipitation compared with

observations.

Bookhagen and Burbank (2010) suggested that two

topographic classes can be defined along the Himalayas:

either (i) themean topography risesmore or less steadily

to an average elevation of 5 km (one-step topography)

or (ii) it follows a two-step morphology in which the

FIG. 5. Decadal means of annual precipitation for (a) HAR10 and (b) TRMM 3B43, (c) annual rainfall for

TRMM 2B31, and (d) percentage of HAR10 precipitation falling as snow. Note that the decadal mean for TRMM

2B31 (1998–2008) covers a different period than HAR10 and TRMM 3B43 (2001–11).

FIG. 6. Relative difference in annual precipitation between

TRMM 3B43 and HAR10 with HAR10 as reference, as a function

of annual snowfall fraction (%) in the HAR data. Each gray point

represents one data point, and the curve represents 2%-wide bin-

ned median with 10% and 90% percentiles as error bars.
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outer step corresponds to the Lesser Himalayas and the

inner step to the Higher (Greater) Himalayas. The au-

thors showed that precipitation in TRMM 2B31 mimics

these two classes of topographic profiles. Such patterns

are expected and known from the underlying processes

of mountain–airflow interactions (e.g., Colle 2008). To

evaluate HAR10 precipitation in this context, we com-

puted the mean transect precipitation along several

profiles and show examples of the two classes in Fig. 7.

The HAR precipitation profiles follow similar features

as the profiles in Bookhagen and Burbank (2010, their

Fig. 7) but seem to slightly underestimate precipitation

maxima, perhaps because of the coarser resolution of

the HAR. This analysis underlines the importance of

topography and snowfall for precipitation patterns on

the TP and the added value of high-resolution modeling

in this region.

Altogether, these results give confidence in the accu-

racy of the HARwith respect to the requirements of this

study and indicate that it is free of a systematic pre-

cipitation error. Previous studies reported that theWRF

model overestimates precipitation in mountainous ter-

rain (e.g., Caldwell et al. 2009), but we find no evidence

for this. Area averaged over the whole HAR10 domain,

the model produces 15%more precipitation than TRMM

3B43 (734 versus 636mmyr21, respectively), which we

assume to be partly related to problems of TRMM

snowfall retrievals.

d. Precipitation timing and seasonality on the TP

Figure 8 shows the contribution of each season to

annual precipitation during the last decade. The Kar-

akoram and Pamir regions form one coherent unit, with

most precipitation falling in DJF and MAM and almost

no precipitation in JJA. Precipitation in MAM shows

two bands (north and south of the TP), indicating that

these two spells have different origins. Most precipi-

tation in the domain falls in JJA, especially in India and

central TP but also in the northeasterly Qilian Moun-

tains. In SON the patterns are fairly uniform, repre-

senting 10%–20% of the annual precipitation.

We analyze the seasonal cycle of precipitation in Fig. 9,

this time by showing the contribution of each month to

the annual precipitation, together with mean horizontal

wind vectors at the 500-hPa level. With a height of ap-

proximately 5700m, this level is a good indicator for the

TP boundary layer flow. We start the description of the

annual cycle in October, beginning of the hydrological

year and end of the monsoon period. Low precipitation

occurs in the southeast of the domain, and the winter

precipitation season in the northwestern TP is starting.

The seasonal cycle of precipitation in the northwest is

tied to the location of the jet stream (Schiemann et al.

2008). Moisture is brought by southwesterly cyclones

from the east of the Mediterranean and the Arabic Sea

but under the stable winter conditions precipitation is

mostly triggered by orography (e.g., Jiang 2003). From

November to March, the 500-hPa zonal flow is constant

and hardly perturbed by the mountains. The maximal

winter precipitation intensity is reached in February. In

March, the westerly jet starts to shift to the north,

marking the beginning of the precipitation season in

northern TP, which culminates in May–June. The first

disturbances of the winter zonal flow occur in April,

and the first indications for the formation of the Ti-

betan low appear in May. The center of this cyclonic

system is not located in the south of the TP as onemight

expect because of stronger solar heating. Its location

could be related to a combination of thermal and dy-

namical effects (Sugimoto and Ueno 2010).

FIG. 7. Mean annual precipitation from HAR10 (myr21; thick lines) and 30-km Shuttle

Radar TopographyMission (SRTM30) topography (km; thin lines) along four 50-km-wide and

300-km-long south–north swaths. The swaths locations are indicated in the inset maps [swaths

from Bookhagen and Burbank (2010)].
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The cyclonic circulation on the plateau is established

months before the monsoonal circulation, characterized

by a reversal of the flow south of the Himalayas. The

circulation patterns on the TP during the transition phase

(May–June) suggest a combined influence of southerly

and westerly flows on precipitation on the TP. The cir-

culation conditions remain stable in July andAugust, and

the wet spell on the TP originates from its southern and

eastern parts. There is an abrupt transition between the

dry Pamir–Karakoram region and the wetter Pakistan

lowlands. Finally, in September the Tibetan low decays

and the remainder of the summer precipitation is evenly

distributed over the TP.

e. Precipitation frequency and role of convective
precipitation

Figure 10a shows the average number of precipitation

days (.1mmday21) per hydrological year. The number

of precipitation days is related to precipitation amounts

(cf. Fig. 5a), but this relationship is neither constant nor

linear, as shown in Fig. 10c. As indicator for the occur-

rence of strong precipitation events, we count the small-

est number of precipitation days needed to reach 50% of

the yearly precipitation amounts (on average) and we

divide it by the number of precipitation days shown in

Fig. 10a to obtain Fig. 10b. A location with constant and

regular precipitation days will then have a value of 50%,

and a location with mostly light precipitation days but

with a few strong precipitation events will have a lower

value. We see in Fig. 10c that the number of days needed

to reach 50% of the yearly precipitation is less dependent

on the precipitation amount than precipitation frequency:

it quickly reaches a value of approximately 25 days.

Most locations subject to strong precipitation events

are located south of the TP. The most critical regions

(where less than 15% of the precipitation days suffice to

reach 50% of the annual precipitation amount) are not

located in northeastern India, where most precipitation

occurs, but in Pakistan and northwestern India, regions

known to have experienced severe floods in the last de-

cade (Webster et al. 2011) or cloud bursts (Kumar et al.

2012). On the plateau, Figs. 10a and 10b indicate less

strong but more frequent precipitation events, in accor-

dance with observational studies that documented the

regularity of summer precipitation in central TP (Ueno

et al. 2001) and a pronounced diurnal cycle related to

frequent local convective activity (Liu et al. 2009).

The contribution of convective precipitation as di-

agnosed by themodel physics to the annual precipitation

is shown in Fig. 11. Precipitation is mostly convective in

India, in the south ridge of the Himalayas and in large

valleys, but barely any convection is triggered in higher

mountains and in areas with frequent snowfall. An-

other large area of convective precipitation is found in

central TP, in accordance with the results of several

studies (e.g., Fu et al. 2006). Interestingly, the location

of the center of the summer low pressure system on the

TP (Fig. 9) does notmatchwith themaximumoccurrence

FIG. 8. Contribution (%) of DJF, MAM, JJA, and SON to the HAR10 mean annual precipitation.
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of convective precipitation, which is located more to the

south. The location of the two areas of convective pre-

cipitation in Fig. 11 (central and eastern TP) matches

well observations by Sugimoto and Ueno (2010, their

Fig. 1).

f. Precipitation interannual variability

In addition to precipitation amount and regime, the

variability of precipitation is important in characterizing

a region’s hydrological features. In Fig. 12, we describe

interannual variability during the last decade consider-

ing hydrological years. We use the coefficient of varia-

tion cy of annual precipitation, which is defined as the

ratio between the standard deviation and the mean

of precipitation. This metric provides more useful

information than the standard deviation alone, since the

latter is strongly related to precipitation amounts. The cy
is high in western and central TP and in northwestern

India and is rather low in elevated areas and in the east

(Fig. 12a). The relationship between the cy and annual

precipitation is shown in Fig. 12b. The cy is, on average,

only slightly related to precipitation for high amounts

but much more for small amounts (e.g., Tarim and

Qaidam basins). As proposed by Jurkovi�c and Pasari�c

(2013) based on the earlier work of Conrad (1941), we

define the theoretical expected cy as a decreasing hy-

perbolic function,

ecy 5
B

P1C
1A , (1)

FIG. 9. Contribution (%) of each month to the HAR10 mean annual precipitation and mean monthly 500-hPa wind vectors (plotted

every eighth grid point).

1 MARCH 2014 MAUS S ION ET AL . 1921



where P is the mean annual precipitation and A, B, and

C are parameters to be obtained by least squares fitting.

We obtain 17.17% for A, 5.99m yr21 for B, and

0.10myr21 for C. Our constant A (representative of ecy
for high precipitation amounts) is similar to the one

from Jurkovi�c and Pasari�c (2013) of 15.37%. Unlike

Jurkovi�c and Pasari�c (2013), who computed ecy for the

whole globe, our ecy is representative for the HAR10

region only. We use this theoretical curve to compute

the cy anomaly cya, which is defined as the difference

between the cy and the ecy at each grid point. The re-

sulting purple (brown) areas in Fig. 12c correspond to

areas with higher (lesser) variability than ‘‘expected’’ in

the domain. For instance, it appears that the relatively

dry Qaidam basin has a high cy but a negative cya, which

means that it has a smaller interannual variability than

expected from the annual precipitation amounts. North-

western India and Pakistan show the strongest positive cya

(these regions correspond to the positive difference be-

tween the binned mean curve and the ecy around 1myr21

in Fig. 12b). The central and western TP also show more

interannual variability than their neighboring TP areas.

In Fig. 13, we reproduce the analysis for the three

precipitation seasons,DJF,MAM, and JJA. Precipitation

in DJF has a spatially regular interannual variability, of

about 20%–25%. The areas with higher variability are

located at the southern edges of the Karakoram, where

the influences of western disturbances that drive winter

precipitation may be less continuous in this season. In

MAM, the highest interannual variability is observable

in the northwestern Tarim basin and, importantly, in

the southeastern Himalayas (here the variability of the

Indian summer monsoon onset probably accounts for

a larger than average interannual variability of pre-

cipitation). The patterns of cy and cya in JJA resemble

those of annual precipitation (Fig. 12c), which means

that most of precipitation interannual variability is ex-

plained by summer precipitation variability.

5. An application example: Classification of glacier
accumulation regimes

As discussed in the introduction, the TP hydrological

cycle is strongly dependent on precipitation amounts

and on seasonality. The works by Fujita (2008) andM€olg

et al. (2012) emphasized the high sensitivity of glaciers

on the TP to precipitation seasonality. Shi and Liu (2000)

proposed a classification of the glaciers on the TP ac-

cording to their continentality (maritime, subcontinental,

and continental). Rupper and Roe (2008) proposed

another grouping into three classes (western, eastern,

and northern) according to the differences in spatial

and temporal variability of the glaciers during the last

glacial cycle.

In Fig. 14, we further propose a new classification

based on precipitation seasonality, computed using an

objective clustering approach. We used k-means clus-

tering (e.g., Wilks 1995) to define five distinct classes

that we named after the characteristics of their cluster

centers. We recognize two dominant classes with winter

(DJF) and summer (JJA) accumulation types and a third

class with less elements having the maximum precipita-

tion inMAM.Finally, we named two intermediate classes

FIG. 10. Precipitation frequency and occurrence of large precipitation events. (a) Average number of precipitation days (.1mmday21)

per hydrological year (October–September). (b) Ratio (%) between the average number of days needed to reach 50% of the annual

precipitation amount and the number of precipitation days per year. (c) Number of precipitation days (blue) and number of precipitation

days needed to reach 50%of the annual precipitation amount (red) vsmean annual precipitation. The curves represent 0.1-m-wide binned

means with 61s error bars.

FIG. 11. Contribution (%) of convective precipitation to the total

annual precipitation.
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that tend to experience either winter (MAM/DJF) or

summer (MAM/JJA) precipitation but with less pro-

nounced centers. The mean seasonal cycles of each class

are presented in Fig. 15.We recognize the three peaks of

the DJF, MAM, and JJA classes and see that the two

remaining classes have a less pronounced seasonality

but different tendencies (MAM/DJF displays a February

precipitation peak and precipitation almost all year-

round; MAM/JJA experiences precipitation in MAM

and JJA but less in winter). All classes but DJF have

their minimum in November–December, while the DJF

class has a minimum in June–July.

One striking feature is the clear difference between

DJF (west) and JJA (central TP) regimes. The MAM

cluster is mostly located in northern TP but a few gla-

ciers can be found in southeast TP, together with a large

region of mixed type glaciers, which correspond to the

‘‘maritime zone’’ defined by Shi and Liu (2000) or the

‘‘spring-accumulation type’’ zone proposed by Yang

et al. (2013). Along the Himalayan range, we find gla-

ciers of varying types over very short distances, which

can be explained by the variability of precipitation re-

gimes in the Himalayas. For example, Kansakar et al.

(2004) identified as many as four different precipitation

regimes for Nepal alone. The orientation of the glaciers

and their location on the windward or lee side of the

range also play a significant role, illustrating the im-

portance of high spatial resolution in determining cli-

matic influences on glaciers.

6. Conclusions

The TP precipitation regime is influenced by both the

westerlies and the monsoons, as well as their interplay.

FIG. 12. Precipitation interannual variability for the 11 hydrological years (October 2000–September 2011). (a) Coefficient of variation

(%) of annual precipitation. (b) Coefficient of variation vs annual precipitation. The blue curve represents 0.1-m-wide binned means with

61s error bars. The red curve is the expected coefficient of variation obtained by fitting a hyperbolic curve to the data points [Eq. (1)].

(c) Anomaly of the coefficient of variation, defined as the difference between the coefficient of variation and the expected coefficient [red

curve in (b)].

FIG. 13. Seasonal precipitation interannual variability for the 11 hydrological years (October 2000–September 2011). Coefficient of

variation cy and anomaly of the coefficient of variation cya are shown, areas (i) where less than 25% of the annual precipitation occurs in

the considered season and (ii) with less than 25-mmaverage seasonal precipitation aremasked in gray. Precipitation in SON is too low and

not presented here.
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The circulation dynamics create a complex puzzle for

geophysicists or palaeoclimatologists attempting to re-

construct and understand the signals in various climate

proxies. Furthermore, this task is made more difficult by

our incomplete understanding of the present-day cli-

mate dynamics (e.g., Molnar et al. 2010). In this study,

we did not attempt to explain and unravel all processes

that drive precipitation on the TP, but we described the

observed patterns and gave a framework for a better

understanding of spatial and temporal variability. We

showed that dynamical downscaling approaches like the

HAR provide a way to resolve the full process chain of

synoptic to regional dynamics for features such as pre-

cipitation and can provide details that are not repre-

sented in coarser datasets.

A crucial step was the evaluation ofHARprecipitation

in section 4. We demonstrated an improvement when

increasing horizontal resolution from 30 to 10 km,

quantitatively (by comparing to observations) as well

as qualitatively (in the reproduction of documented

orographic precipitation features). Further qualitative

indices consolidated our confidence in the reliability of

the HAR: for example, its realistic reproduction of

both (i) the known relationship between the coefficient

of variation and precipitation and (ii) the documented

characteristics of precipitation on the TP (weak, fre-

quent, and convective precipitation events). However,

these considerations are qualitative and do not allow

us to provide a quantitative uncertainty value of the

HAR precipitation outputs. In this regard, integrated

FIG. 14. Classification of glacier accumulation regimes according to precipitation seasonality. A k-means clus-

tering algorithm is run on three input variables (percentage of precipitation falling in DJF, MAM, and JJA) and

with five output clusters.We focus on glacierized grid points only. (bottom left) Histogram plot showing the relative

occurrence of each class in the map with the color legend is described below. (bottom center),(bottom right) The

clusters are named after their cluster centers characteristics. Since SON is a linear combination of the three other

variables, it was not included in the clustering procedure.
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approaches such as hydrological or glaciological mod-

eling will aid evaluation at the basin scale. Further-

more, since validation and benchmarking are made

difficult by scarce and imperfect observations, the new

global precipitation measurement (GPM) system (Hou

et al. 2014) or innovative cloud detection algorithms

(R€uthrich et al. 2013) may help to improve the validation

in the future.

In general, the annual cycle of precipitation on the

TP is characterized by a winter precipitation regime

in the west, a spring precipitation regime in northern

and southern TP, and a summer precipitation regime

elsewhere. This led some authors such as Shi (2002) to

define the drivers of precipitation according to pre-

cipitation seasonality. In Fig. 1 of Shi (2002), the au-

thor draws a line along a southwest–northeast diagonal

on the TP, symbolizing the limit between ‘‘monsoonal

precipitation’’ and ‘‘westerly precipitation.’’ The use

of these designations is interpreting ‘‘synchronicity’’ as

‘‘causality.’’ Our results do not contradict this view, as

shown by the large domination of summertime pre-

cipitation on the TP. However, with a closer look at the

seasonal cycle of precipitation on a monthly basis, we

obtain more complex patterns than commonly as-

sumed, especially on the central and northern TP,

where spring precipitation represents a substantial

part of the annual amounts. Recycling (moisture that

originates and stays on the TP) could play a non-

negligible role in the TP hydrological cycle and should

be quantified more precisely in the future. Recent studies

that quantify moisture transport and provenance on

the TP (e.g., Feng and Zhou 2012; Chen et al. 2012)

focused on summer months and used atmospheric data

from coarse-resolution global reanalysis. These studies

could be complemented by similar approaches based on

higher-resolution atmospheric datasets such as the

HAR.

We identified regions with higher precipitation vari-

ability, either by analyzing the occurrence of strong

precipitation events or by showing regional anomalies of

the annual coefficient of variation. We see that both

indicators are high for some regions: for example, in

Pakistan and northwestern India. Located at the con-

fluence zone of the westerly and monsoonal flows, this

region may be more sensitive to variability of the syn-

optic atmospheric circulation. On the TP, precipitation

days are of rather constant intensity during summer but

the interannual variability in central and western TP is

larger than in the neighboring TP regions. The drivers of

interannual precipitation variability on the TP will be

the subject of a future study.

Glaciers in different precipitation regimes will re-

spond differently to changes in climate and shifts in

precipitation seasonality. In this study, we proposed

a new map of glacier accumulation regimes as one pos-

sible application for the HAR. Our analysis illustrates

the high spatial variability of precipitation seasonality

and provides a first approach for glacier energy andmass

balance considerations. The map resulting from this

cluster analysis emphasizes that glaciers on the TP

cannot be considered as one entity with uniform mass

balance sensitivity.
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Abstract. The Tibetan Plateau (TP) plays a key role in the water cycle of high Asia and its downstream regions.
The respective influence of the Indian and East Asian summer monsoon on TP precipitation and regional water
resources, together with the detection of moisture transport pathways and source regions are the subject of recent
research. In this study, we present a 12-year high-resolution climatology of the atmospheric water transport
(AWT) over and towards the TP using a new data set, the High Asia Refined analysis (HAR), which better
represents the complex topography of the TP and surrounding high mountain ranges than coarse-resolution data
sets. We focus on spatiotemporal patterns, vertical distribution and transport through the TP boundaries. The
results show that the mid-latitude westerlies have a higher share in summertime AWT over the TP than assumed
so far. Water vapour (WV) transport constitutes the main part, whereby transport of water as cloud particles
(CP) also plays a role in winter in the Karakoram and western Himalayan regions. High mountain valleys in the
Himalayas facilitate AWT from the south, whereas the high mountain regions inhibit AWT to a large extent and
limit the influence of the Indian summer monsoon. No transport from the East Asian monsoon to the TP could
be detected. Our results show that 36.8± 6.3% of the atmospheric moisture needed for precipitation comes from
outside the TP, while the remaining 63.2% is provided by local moisture recycling.

1 Introduction

The Tibetan Plateau (TP) is often referred to as the “world
water tower” (Xu et al., 2008), as it is the source of many
large Asian rivers such as the Indus, Ganges, Brahmaputra,
Yellow River, Yangtze and Mekong. The TP is one of the
most active centres in the word water cycle and constitutes
an essential source of moisture for the downstream regions
in East Asia (Immerzeel et al., 2010). The transport of mois-
ture to the TP is crucial for a sustainable water supply in the
downstream regions like the Yellow and Yangtze river valleys
(Zhang et al., 2013). Moisture transport in and to the TP is
influenced by mesoscale features (Sugimoto et al., 2008), but
it is also driven by large-scale atmospheric circulation, most
notably the monsoon systems (Webster et al., 1998) and the
mid-latitude westerlies (Schiemann et al., 2009). The unique
topography of the TP, with its large extent and an average
altitude of more than 4000m makes it of particular interest

because of its interaction with large-scale circulation. The
surrounding high mountain ranges, Himalaya, Karakoram,
Pamir, Tien Shan and Kunlun Shan, act as a barrier for the
atmospheric moisture transport.
During the last few decades the TP experienced climate

changes of warmer and wetter conditions (Yang et al., 2011,
2014), which have a direct impact on the hydrological cy-
cle. Precipitable water (PW) shows increasing trends in the
eastern and western TP and decreasing trends in the central
TP for the relatively short period of 2000–2010 (Lu et al.,
2014). The poleward shift of the East Asian westerly jet in
the period 1979–2011 and the assumed intensification of the
monsoon system under climate change conditions (while Yao
et al., 2012, described a recent weakening of the Indian sum-
mer monsoon) are supposed to cause large areas of the TP
to become wetter (Gao et al., 2014). Lake expansion in the
central TP has intensified during the last few decades, due
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to global warming and its effects on the hydrological cycle
of the TP (e.g. glacier retreat, permafrost degradation; Liu
et al., 2010). The additional water vapour (WV), necessary
for lake expansion, is assumed to come from outside the TP
and therefore it is important for better understanding the WV
sources and transport processes (Yang et al., 2014).
Many studies on atmospheric water transport (AWT) in

and to the TP focus on the question of how the Indian and
East Asian summer monsoon systems affect precipitation on
the Tibetan Plateau, and how changes of the monsoonal cir-
culation impact local and regional water resources (Gao et
al., 2014; Immerzeel et al., 2013; Simmonds et al., 1999).
Yao et al. (2012) and Bolch et al. (2012) list the Indian mon-
soon, the mid-latitude westerlies and the East Asian monsoon
as drivers of climate variability in the TP. In previous stud-
ies, the influence of the westerlies and the monsoon system
was examined on the basis of the precipitation timing and
so is supposed to be limited to winter (westerlies) or sum-
mer (Indian and East Asian summer monsoon) (e.g. Hren
et al., 2009; Tian et al., 2007; Yang et al., 2014). The ori-
gin of the atmospheric moisture over the TP plays a key role
in recent research (e.g. Chen et al., 2012; Feng and Zhou,
2012). Their are three sources of moisture entering the TP:
the Asian monsoon systems, the mid-latitude westerlies, and
local moisture recycling. The general assumption is that the
mainWV source for summer precipitation in the TP is the In-
dian summer monsoon. Pathways for the moisture originat-
ing in the Arabian Sea, the Bay of Bengal and the westerlies
are high mountain valleys in the southern and western border
of the TP, e.g. the Brahmaputra Channel in the easternmost
part of the Himalayas and the meridionally orientated valley
in the central and western parts.
One method to identify the sources of moisture is to anal-

yse the isotopic composition of precipitation, e.g. observed
and modelled stable oxygen isotope ratios (δ18O) and hy-
drogen isotope values (δD) (Araguás-Araguás et al., 1998;
Tian et al., 2007; Yao et al., 2013) and the isotopic compo-
sition of the water in rivers and smaller water streams (Hren
et al., 2009) and of climate proxies such as ice and sediment
cores (Kang et al., 2007; Günther et al., 2011; An et al., 2012;
Guenther et al., 2013; Joswiak et al., 2013). The latter ones
can be used to analyse the moisture transport/conditions on
the plateau and its source regions in the past. An et al. (2012)
analysed a sediment core from Lake Qinghai in the north-east
of the TP that reaches back 32 ka. They focused on the inter-
play of the westerlies and the Asian monsoon and showed
that there is an anti-phase relationship with periods of dom-
inant westerlies and periods with dominant Asian monsoon.
Higher monsoon activity during the current warming period
is found by studying variations in the monsoon intensity in
the TP during the last 1000 years using data from sediment
and ice cores (Günther et al., 2011). A shift in the isotope
signals implies that the contribution of westerly moisture to
the ice-core accumulation was relatively greater before the
1940s (Joswiak et al., 2013).

For the present-day conditions, various studies produce
different results. Both the southern Indian Ocean (Indian
summer monsoon) (Yao et al., 2013) and the Pacific Ocean
(East Asian Monsoon) (Araguás-Araguás et al., 1998) are
identified as the dominant moisture sources for summer pre-
cipitation in the TP. The analysis of stable isotopes of precip-
itation samples in western China show that the southern TP
receives monsoon moisture in summer and westerly mois-
ture in winter, while the moisture in western TP is deliv-
ered by the south-west monsoon (Tian et al., 2007). Hren
et al. (2009), who sampled 191 stream waters across the TP
and the Himalaya, found that the moisture entering the south-
eastern TP through the Brahmaputra Channel originates in
the Bay of Bengal. This monsoonal moisture is mixed with
central Asian air masses the farther west and north in the
TP the sampling site is located. The role of local mois-
ture recycling as an additionally moisture source is also em-
phasized in many studies (e.g. Joswiak et al., 2013; Kurita
and Yamada, 2008; Trenberth, 1999). Araguás-Araguás et
al. (1998) found that it is dominant in winter and spring.
Another method to investigate the moisture transport in the

TP is gridded atmospheric data sets, for example global re-
analysis data, regional atmospheric models and remote sens-
ing data. Chen et al. (2012) used backward and forward tra-
jectories to identify the sources and sinks of moisture for the
TP in summer. Their results show that for periods longer than
4 days backwards, the main moisture source is the Arabian
Sea, while for shorter periods, the Bay of Bengal, the Arabian
Sea and the north-western part of the TP contribute moisture
in the same order of magnitude. The results from the forward
tracking underline the relevance of the TP moisture for the
precipitation in East Asia. Feng and Zhou (2012) found that
the main WV transport for summer precipitation takes place
through the southern border of the TP and originates in the
Bay of Bengal and the Indian Ocean. They also point out that
the southern branch of the mid-latitude westerlies transports
moisture to the TP too, but its share is distinctly lower. Lu et
al. (2014) analysed the atmospheric conditions and pathways
of moisture to the TP for a wet and dry monsoon season and
showed that differences in the atmospheric circulation have
a direct impact on the moisture transport and on the PW over
the TP. Meridionally orientated high mountain valleys in the
Himalayas can channel water vapour and precipitation to the
TP (Bookhagen and Burbank, 2010).
Previous studies relied on global reanalysis data sets to

quantify the transport to the TP. Recently, a new high-
resolution data set, the High Asia Refined analysis (HAR;
Maussion et al., 2014), was made available. With a high spa-
tial (30 and 10 km) and temporal (3 and 1 h) resolution, the
data set allows us to analyse the AWT above the Tibetan
Plateau differentiated in space and time. By using this new
data set with a distinctly higher horizontal resolution than
the global data sets, the question arises of whether or not the
more realistic representation of the topography of the TP and
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the surrounding high mountain ranges leads to an improve-
ment in atmospheric moisture representation.
The objectives of the current study are threefold:

i. describe the characteristics of AWT over and to the TP
as resolved by the HAR data set during the last decade,
with focus on spatial patterns, seasonal evolution and
vertical distribution,

ii. examine the barrier effect of the topography on AWT
and detect the major transport channels to the plateau,

iii. and quantify the importance of increasing model spatial
resolution on these transport channels.

Here we present a 12-year climatology of atmospheric water
transport (AWT) over the TP and adjacent mountain ranges
based on the HAR. We focus on the period 2001–2012 (re-
ferred to the “last decade” for convenience). First, we will
look at the mean annual cycle of AWT (water vapour and
cloud particles) to detect the mean patterns and transport
channels. The vertical distribution of the transport is then
analysed using selected model levels. We also compute ver-
tical cross sections along the border of the TP to quantify
the atmospheric water input and verify the importance of the
detected transport channels. In the final step, we provide an
estimation of the budget of AWT and its share of the precip-
itation falling on the TP.

2 Data and methods

2.1 The HAR data set

We use meteorological fields provided by the High Asia Re-
fined analysis (HAR). The HAR is the result of the dynam-
ical downscaling of the global gridded data set, the Opera-
tional Model Global Tropospheric Analyses (final analyses,
FNL; data set ds083.2). These final analyses are available
every 6 h and have a spatial resolution of 1 ◦. The model
used for this purpose is the advanced research version of the
Weather and Research Forecasting model (WRF-ARW, Ska-
marock and Klemp, 2008) version 3.3.1. The HAR provides
products at a spatial resolution of 30 km and temporal reso-
lution of 3 h for the first domain, covering most parts of cen-
tral Asia (HAR30). A second nested domain (HAR10) covers
high Asia and the TP with a spatial resolution of 10 km and
temporal resolution of 1 h (Fig. 1). The data set is available
online at http://www.klima.tu-berlin.de/HAR and described
in detail by Maussion et al. (2011, 2014). The HAR pro-
vides meteorological fields at the surface and on 28 terrain-
following vertical sigma levels. The data set covers a period
of more than 12 years from October 2000 to December 2012
and is updated continuously. HAR products are available for
different time aggregation levels: hourly (original temporal
model resolution), daily, monthly and yearly.
The HAR precipitation data were compared to rain gauge

observation and precipitation estimates from the Tropi-

cal Rainfall Measuring Mission (TRMM) by Maussion et
al. (2011, 2014). The accuracy of the precipitation data is
described more in detail in Sect. 4.2.

2.2 Moisture transport

Atmospheric water transport happens through WV transport
and as cloud particle (CP) transport. In this study, we are
interested in cloud particle transport but do not further dis-
tinguish between liquid (water droplets) and solid (ice) cloud
particles which are both resolved by the model microphysics.
WV and CP fluxes are calculated for each of the 28 origi-
nal sigma levels, which are terrain following, based on the
original temporal model resolution of 1 h (HAR10) and 3 h
(HAR30) using the formula

Q= vhρq1z, (1)

where Q is the water vapour flux (kgm−1 s−1) or cloud par-
ticle flux, vh denotes the horizontal wind vector (m s−1), ρ
is the dry air density (kgm−3) and q is the specific humid-
ity (kg kg−1). 1z is the thickness of each sigma level (m),
this value is not constant but increases with increasing height
above ground. Since the WRF model just provides mixing
ratios (r) for the three atmospheric water components (water
vapour, liquid water and ice), we first calculated the specific
humidity for each component using the relationship

q =
r

(1+ r)
. (2)

Additionally, we integrated the fluxes over the whole at-
mospheric column to obtain the vertically integrated atmo-
spheric water transport fluxes. The vertical integration is per-
formed along the metric z coordinate along the model sigma
levels from surface to top using the rectangle method.

Q=

z=ztop∫

z=zsfc

vhρq1z (3)

We calculated these fluxes for the original model levels and
did not interpolate them to pressure levels to avoid informa-
tion loss due to the interpolation. For the analyses, 10 and 5
grid points from the HAR30 and HAR10 domain boundaries,
respectively, are removed to avoid lateral boundary effects.
To analyse the AWT towards the TP, we compute vertical

cross sections along transects following the border of the TP.
To be able to calculate a moisture budget, we defined a region
which we henceforth call “the inner TP”, with 14 transects
attempting to follow the highest elevations in the mountain
ranges and to cut across the high mountain valleys which we
assume to be pathways for atmospheric moisture. Amap with
the transects is shown in Fig. 1. The u and v components of
AWT are then rotated to the transect coordinate system to
compute the normal fluxes towards the cross section.
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Figure 1. Maps of the Weather and Research Forecasting (WRF) model domains HAR30 (south-central Asia domain, 30 km resolution)
and HAR10 (high Asia domain, 10 km resolution). The transects surrounding the Tibetan Plateau (numbered 1–14) are drawn in white. The
region within the defined boundaries is called “inner TP” throughout the manuscript. Geographical locations are indicated (modified after
Maussion et al., 2014).

2.3 ERA-Interim

To examine if our data set is able to reproduce the gen-
eral characteristics of the WV flux, we compare the WV
fluxes derived from HAR30 with ERA-Interim Reanalysis
data (Dee et al., 2011). The ERA-Interim WV fluxes are
available online as an integral over the atmospheric col-
umn for the eastward (u) and northward (v) components as
monthly means. ERA-Interim has a horizontal resolution of
0.75◦. To calculate the differences between the HAR30 and
ERA-Interim WV fluxes, we transformed HAR30 data to the
ERA-Interim grid by averaging the HAR30 grid points be-
low each ERA-Interim grid point. The u and v components
of the HAR fluxes were rotated to Earth coordinates first.

3 Results

3.1 Comparison of HAR30 and ERA-Interim water
vapour fluxes

The general patterns and the magnitude of the WV trans-
port amounts of HAR30 and ERA-Interim are in agreement
(Fig. 2). Figure 2c shows the differences between HAR30
and ERA-Interim for July when the largest differences were
found. The main differences between the two data sets are
visible south of the eastern and central Tibetan Plateau
along the southern slopes of the Himalayas. The WV trans-
port through the Brahmaputra Channel towards the Tibetan
Plateau is higher for ERA-Interim than for HAR30. This is
probably due to differences in the representation of the orog-
raphy, caused by different horizontal resolutions. HAR30
produces more transport westward along the Himalayas (up-
stream Ganges River), which is caused by more WV block-
age. When the WV flux hits the Himalayas from the south

it is mostly redirected to the west and follows the southern
slopes of the Himalayas. Additionally there are differences
in the Arabian Sea and the Bay of Bengal. Over the Arabian
Sea, more water vapour is transported further to the south
in the HAR30 data set. The transport direction in the ERA-
Interim data set is more from the south-west to north-east.
Therefore, the transport amount over the southern part of the
Indian peninsula is also higher for HAR30. Because of that
southward shift, the transport amount over the southern part
of the Bay of Bengal is higher for HAR30 than for ERA-
Interim and thus has a stronger northward component in the
eastern part of the bay. So the South Asian Monsoon circu-
lation has a modified shape in the HAR, possibly due to the
influence of the southern branch of the mid-latitude west-
erlies which is more pronounced in HAR30. In winter, the
differences are in general less pronounced (not shown).

3.2 Climatology of the atmospheric water transport
(AWT)

Figure 3 displays the December–February (DJF) (left) and
June–August (JJA) (right) decadal average of the vertically
integrated atmospheric water transport (AWT) derived from
HAR30. In winter (DJF), the AWT from west to east is dom-
inant over the TP and most parts of high Asia. In the tropi-
cal ocean region, there is transport from east to west with the
trade winds. The TP and the regions north of the plateau show
small transport amounts, below 40 kgm−1 s−1. For compari-
son, AWT reaches up to 450 kgm−1 s−1 over the South Chi-
nese Sea off the coast of Vietnam. In summer (JJA), the pat-
tern in the southern part of the domain is completely differ-
ent from winter due to the circulation change related to the
Indian summer monsoon (ISM). The largest amount of atmo-
spheric water is now transported from west to east over the
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Figure 2. Decadal average of the vertically integrated water vapour flux (kgm−1 s−1) in July for HAR30 (a), ERA-Interim (b) and their
difference (c). The grid points without HAR30 data are masked out. Colour shading denotes strength of water vapour flux, arrows (plotted
every second grid point) indicate transport direction (length of arrows is proportional to flux strength up to 600 kgm−1 s−1 for (a) and (b)
and up to 200 kg m−1 s−1 for (c) and is constant afterwards for more readability).

Figure 3. Decadal average of the vertically integrated water vapour flux (kgm−1 s−1) in DJF (left) and JJA (right) for HAR30. Colour shad-
ing denotes strength of water vapour flux, arrows (plotted every sixth grid point) indicate transport direction (length of arrows is proportional
to flux strength up to 200 kgm−1 s−1 and is constant afterwards for more readability).

Arabian Sea and the Bay of Bengal. Over the Bay of Ben-
gal the flow gets a larger southerly component, and atmo-
spheric water is directly transported to the southern slopes of
the Himalayas. Over the TP the transport amount is still low
in comparison.

3.2.1 Annual cycle of HAR10 water vapour (WV)
transport

The annual cycle of vertically integrated WV transport
(monthly decadal average) is provided in Fig. 4, and the
WV transport spatially averaged for the inner TP is shown
in Fig. 5. In winter, the westerlies are dominant in the
whole domain, and therefore the available WV is trans-
ported eastward. The highest amounts of WV transport
(50–200 kgm−1 s−1) occur south of the Himalayas. Over

the TP, the WV transport amount is distinctly lower (10–
50 kgm−1 s−1). The WV transport towards the TP can only
take place through some high mountain valleys at the south-
western border of the TP (western Himalayas, Karakoram,
Pamir) and in the south-east of the TP where the Brahmapu-
tra Channel is located. Additionally, the atmosphere over the
TP is cold in winter and cannot hold large amounts of WV.
The transport of WV over the TP further to the east is facili-
tated by lower elevated west–east orientated regions like the
Yarlung Tsangpo (Brahmaputra) River course in the south.
Therefore, the highest transport amounts are visible in the
south-eastern and central southern TP.
From May to July the amount of transported WV in these

regions increases and the region with higher transport ex-
tends to the central TP. This intensification of the transport is
also visible in Fig. 5a and takes place before the actual mon-
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Figure 4. Decadal average of the vertically integrated water vapour flux (kgm−1 s−1) in every month for HAR10. Colour shading denotes
strength of water vapour flux, arrows (plotted every eighth grid point) indicate transport direction (length of arrows is proportional to flux
strength up to 200 kgm−1 s−1 and is constant afterwards for more readability).

Figure 5. Box plots of the decadal average of the vertically integrated water vapour flux (a) and cloud particle flux (b) on the inner TP for
HAR10 (kgm−1 s−1). The boxes represent the range from the 25th to the 75th percentile. The boxes are divided by the median value (black)
and the mean value (red). The whiskers represent the 10th and the 90th percentile, respectively. Note the different scales of the y axes.

soon season. Already by May, the WV flux south-east of the
Himalayas obtains a more southerly component and the WV
is no longer transported along the southern slopes, instead
hitting the mountain ranges from the south. This results in
an increase of the AWT amount north of the Himalayas. Due
to the further evolution of the Indian summer monsoon, the
transport intensifies over summer. However, large amounts
of AWT from the Bay of Bengal northward to the Himalayas
are blocked by the orographic barrier and redirected west-
ward. This leads to high amounts of WV transport along the
southern slopes of the Himalayas following the Ganges River

course to the west. WV transport to the TP is possible where
meridionally orientated valleys along this course exist.
The WV transport through the south-western border of the

TP also increases over summer. This WV is not transported
towards the TP by the monsoonal flow, but is rather provided
by the southern branch of the mid-latitude westerlies. This is
clearly visible in the transport patterns of the HAR30 domain
(Fig. 3). Another hint for the contribution of the westerlies
to the WV transport over the TP is the dominant transport
direction in the southern TP from west to east. This eastward
transport starts further west than the monsoonal flow reaches
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along the southern slopes. So theWV from the Bay of Bengal
cannot be the major source of the moisture transported in the
westernmost regions of the TP.
In summer, the WV transport over the Qaidam Basin from

north-west southward is nearly as high as in the monsoonal
affected south-east of the TP. Figure 6, representing the
decadal monthly average of HAR10 precipitation, shows a
precipitation minimum in this region in summer, although
large amounts of WV are transported to this region. Convec-
tion might be hindered by subsidence or high wind speeds
(wind shear effect).
In September, we find the highest WV transport amounts

over the TP. This intensification of the water vapour transport
occurs because the precipitation in September (Fig. 6) is low
compared to the summer months. The surface is wet due to
the high precipitation rates in July and August and the tem-
peratures are still relatively high, leading to high evaporation
from the land surface. The evaporated moisture can be trans-
ported away from the source region and will not be rained out
over the TP. Another reason for higher transport amounts is
the wind speed recovery after the withdraw of the monsoon,
which is visible in the 500 hPa wind field (Maussion et al.,
2014), and facilitates higher evaporation rates and therefore
higher transport amounts. In October there is only transport
to the TP in the eastern and central parts of the Himalayas,
because the monsoon circulation weakens and the fluxes do
not reach as far westward into the Ganges valley as before.
The flux from the westerlies reaches far more to the east
along the southern slopes of the Himalayas (TP). In Novem-
ber, this pattern becomes more intense, there is no westward
flux south of the Himalayas visible, the monsoon circulation
collapses and wintertime conditions are established.

3.2.2 HAR10 cloud particle (CP) transport

The median value of HAR10 WV transport for the inner
TP is between 20 and 40 kgm−1 s−1 over the whole year,
while it is between 0.2 and 0.6 kgm−1 s−1 for the CP trans-
port (Fig. 5). Differences in the annual cycle of the two
components are clearly visible: the WV transport has its
peak in summer and the CP transport in winter. To exam-
ine the relevance of CP transport for AWT, we looked at the
transport patterns and amounts and calculated the contribu-
tion of the CP flux to AWT as a monthly decadal average
in January and in July (Fig. 7). It shows that in winter in
the Karakoram/Pamir/western Himalayas region, the CP flux
can account for up to 25% of the entire AWT. This pattern
matches with the wintertime precipitation pattern in this re-
gion (Fig. 6). From April on (not shown), we find relatively
high transport amounts (up to 2–3 kgm−1 s−1) in the south-
east of the domain, but in summer the CP transport amount
decreases in these two regions to very small values. Just over
the central eastern parts of the plateau the amount increases
to around 8% of AWT. The percentage of CP in AWT is
higher at higher elevations where the WV transport is lower

because of lower temperatures. The relatively high percent-
age values over the Tarim Basin are related to the low AWT
in general in this region

3.3 Vertical structure of the atmospheric water transport

We display the decadal average of AWT for selected ver-
tical levels in Fig. 8. We selected the levels 1 (∼ 25m
above ground in Tibet), 5 (∼ 450m above ground in Tibet),
8 (∼ 1200m above ground in Tibet), 10 (∼ 2200m above
ground in Tibet), 12 (∼ 3200m above ground in Tibet) and
15 (∼ 5500m above ground in Tibet) because these levels
show the most interesting features of the WV transport. The
WV transport near the ground (level 1) is generally low in the
TP and just a little bit higher south of the Himalayas, prob-
ably because of the lower surface wind speeds and of the
stronger mixing in the boundary layer. The transport amount
increases strongly up to level 12, where the largest transport
occurs, due to higher wind speeds, higher moisture availabil-
ity or both. Above this level, the WV transport starts to de-
crease and above level 17 (not shown) the transport amount
is close to zero.
The general atmospheric circulation at different levels is

visible in the transport patterns, but we have to consider that
AWT is a complex mixture of wind and moisture availability.
At the lower levels (1 and 5) we see the cyclonic circulation
around the Tibetan heat low, with its centre in the central
TP. At level 8, this structure shifts to the central northern TP.
Level 12 and 15 (and levels in between) show an anticyclonic
circulation around a centre in the southern TP, directly north
of the Himalayas. This is the high-tropospheric Tibetan anti-
cyclone that forms during May or early June (Flohn, 1968).
In level 15 and 16, a second anticyclonic circulation is vis-
ible in the south-east of the domain, directly south of the
Himalayas. Above these levels the anticyclonic circulation
slowly weakens and a division into a northern part with trans-
port from west to east, where the westerlies are dominant,
and a southern part with transport from east to west is visi-
ble. Level 10, which lays between the cyclonic (level 1 and 5)
and anticyclonic (level 12 and 15) circulation features, could
be called the equilibrium level.
At level 5, monsoonal air and moisture is transported rel-

atively far to the western (north-western) parts of the TP. Air
from the south which originates in the tropical oceans (In-
dian summer monsoon) is included in the cyclonic circula-
tion over the TP, but the WV does not seem to originate from
the East Asian monsoon. In the higher levels (10–15), this cy-
clonic circulation is replaced by the westerlies and therefore
extra-tropical air masses are transported to this region. There-
fore, we find air masses and consequently moisture from dif-
ferent sources at one place. These results should be consid-
ered for the analysis of stable oxygen isotopes in precipita-
tion samples, lake water, sediment and ice cores. Precipita-
tion originating in the boundary layer will result in a mon-
soonal signal in the isotopes while precipitation originating
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Figure 6. Decadal average of precipitation (mmmonth−1) in January (01), May (05), June (06), July (07), August (08), and September (09)
for HAR10. The arrows show the 10m wind field (every ninth grid point plotted).

Figure 7. Decadal average of the contribution (%) of cloud particle flux to atmospheric water transport in January (01, (a)) and July (07, (b))
for HAR10.

from deep convection could have an isotope signature dedi-
cated to the westerlies.
In the dry Tarim Basin north of the TP, we can see an an-

ticyclonic circulation above the boundary layer at level 10
and transport of WV from north-east to south-west follow-
ing the northern boundary of the TP. Therefore, the air at this
level tends to descend. This means that just below this level
clouds in the boundary layer are possible. These clouds can

only provide small amounts of precipitation due to their low
vertical extent. Above this level, the transport of WV is ad-
mittedly higher and in the opposing direction, but does not
result in precipitation. Deep convection is inhibited by the
subsidence tendency at the lower level.
In the south-western parts of the domain, in the border re-

gion between India and Pakistan, we can see the same fea-
ture, but there it leads to higher differences in the precip-
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Figure 8. Decadal average of the water vapour flux (kgm−1 s−1) for single selected model levels (1 (∼ 25m above ground in Tibet), 5
(∼ 450m above ground in Tibet), 8 (∼ 1200m above ground in Tibet), 10 (∼ 2200m above ground in Tibet), 12 (∼ 3200m above ground in
Tibet) and 15 (∼ 5500m above ground in Tibet)) in July for HAR10. Colour shading denotes strength of water vapour flux, arrows (plotted
every eighth grid point) indicate transport direction (length of arrows is proportional to flux strength up to 20 kgm−1 s−1 and is constant
afterwards for more readability).

Figure 9. Decadal average of the atmospheric water transport (10−2 kgm−2 s−1) for cross sections 1–6 (a and b) (from left to right, dashed
lines indicate border between the cross sections) in July (a) and January (b), and for cross sections 14–7 (c & d) in July (c) and January (d)
for HAR10. Red colours denote transport towards the TP, while blue colours indicate transport away from the TP. The underlying topography
is represented in grey.
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itation patterns and affects a region with a higher popula-
tion density. We see an anticyclonic circulation of the WV
transport in the levels 10 and 12 (and in between). The trans-
ported amount is nearly as high as the WV transport asso-
ciated with the ISM along the southern slopes of the Hi-
malayas. However, if we look at the precipitation patterns,
we see that there is a precipitation minimum in this region
(Fig. 6). The development of deep convection is suppressed
by subsidence. In the lower levels, the heat low over Pak-
istan (Bollasina and Nigam, 2010) is visible in the transport
patterns (Fig. 8) and in the 10m wind field (Fig. 6). Saeed
et al. (2010) point out that the heat low over Pakistan con-
nects the mid-latitude wave train with the Indian summer
monsoon. In the surrounding region where we do not see
this anticyclonic movement in the levels above the bound-
ary layer, the large amounts of transported WV result in high
amounts of precipitation. These results can provide an indi-
cation of the processes, which lead to the risk of droughts and
floods (e.g. in July 2010) in Pakistan, as already analysed by
Galarneau et al. (2012)

3.4 Transport towards the Tibetan Plateau through its
borders

We calculated the WV input towards the TP through its bor-
ders (Fig. 9 and Table 1). For the southern boundary cross
sections (CS 2–6) the highest transport amounts occur in
summer (Fig. 9a) in the lower layers and decreases with in-
creasing height. The largest fluxes occur in the regions where
the elevation is lower compared to the direct surroundings, in
the large meridionally orientated valleys (eastern Himalayas,
in the region of the Brahmaputra channel). There, the areas
of lower elevation are wider and the AWT from the Indian
Ocean hits the mountain ranges directly from the south.
The AWT from the TP to the south is negligible in summer

(Fig. 9a). It occurs mainly in CS 2 and a little in CS 3. This
kind of recirculation may reflect northward transport. It takes
place in the lower levels above a layer with high northward
transport amounts. In winter (Fig. 9b), AWT is lower but the
input of atmospheric moisture is still dominant.
The AWT through the western boundary (CS 1) (Fig. 9a

and b, and Table 1) is higher in winter than in summer, as
it is for CS 2 in the westernmost region of the Himalayas.
These regions are dominated by atmospheric water input by
extra-tropical air masses, transported to this region by the
westerlies. In sum, the AWT in CS 2 is still almost as high as
the AWT in CS 6. CS 6 contains the Brahmaputra Channel,
which is often referred to as one of the main input channels
for atmospheric moisture (Tian et al., 2001).
Table 1 shows the monthly decadal average of AWT in-

put to the TP through the individual cross sections converted
to a theoretical equivalent precipitation amount on the inner
TP. We picked CS 1 and CS 6 for a closer comparison be-
cause CS 6 includes the Brahmaputra Channel and CS 1 is
the western boundary, and they are of the same length. From

November to April the transport through the western bound-
ary (CS 1) is distinctly greater than that through CS 6. From
May to October CS 6 shows higher transport amounts, but
the differences are less than for the wintertime. In July the
input of CS 1 is 90.47% that of CS 6. This means that the
input through the western boundary is around 90% of the
transport through the Brahmaputra Channel region. This is
the month where the differences are smallest. We can see
that for almost every month, CS 2–3 exhibits the largest in-
put amounts. AWT through this cross section is controlled
not only by the ISM but also by the southern branch of the
mid-latitude westerlies.
The cross section for the eastern boundary (CS 7) shows

that the TP is a source of atmospheric water for the down-
stream regions east of the TP for all months (Table 1 and
Fig. 9c and d). In January, there is only eastward transport
through the eastern boundary (Fig. 9d). In the other months
(not shown except for July, Fig. 9c), we find additionally
transport towards the TP in the lower layers near the sur-
face. The transport towards the TP through eastern cross sec-
tion has its peak in July (Fig. 9c) in the northern parts of
the boundary where the elevation is distinctly lower than in
the southern parts. Above this region, there is still eastward
AWT away from the TP. However, if we look at the total of
the AWT amount through the eastern boundary, we see that
the transport from the plateau towards the east is also domi-
nant in summer.
The transport through the northern boundary (CS 14–8) to-

wards the TP (input) is lower than from the west and south in
January and July (Fig. 9d and c, Table 1), although the circu-
lation is directed to the boundary of the TP especially in sum-
mer. There, we find a strong gradient in altitude and fewer
passages through which the atmospheric water could enter
the TP than in the Himalayas. For the westernmost northern
cross sections (14–12) the transport from the TP to the north
is dominant. The reason for this is the north-eastward trans-
port in the western TP, which also explains the lower trans-
port amounts towards the TP. The AWT within the north-
ern branch of the westerlies north of the TP is blocked by
the high-altitude TP. AWT then follows the northern border
of the TP to the east, where the elevation is lower in some
regions (CS 9–11), e.g. at the border to the Qaidam Basin
(CS 9). There, the input of atmospheric water to the TP is
dominant for all months and the maximum input takes place
in spring. AWT from the north to the Qaidam Basin is also
visible in Fig. 4 for all months. This transport takes place
in the lower layers of the atmosphere. The transport from
the plateau northwards has its peak at the easternmost north-
ern CS (CS 8) in July, August and September, when the TP
can provide large amounts of atmospheric water, as shown in
Sect. 3.2.1 in Fig. 4.
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Table 1. Decadal average of the atmospheric water flux converted to a theoretical precipitation amount (mmmonth−1) through vertical cross
sections (1, 2–3, 4–5, 6, 7, 8, 9, 10–11, 12–14) and standard deviations (SD) for HAR10 (positive values denote transport towards the TP and
negative values denote transport away from the TP). Decadal average of the precipitation (mmmonth−1) and its standard deviation (SD) on
the inner TP and of the contribution (%) of the atmospheric water flux to the precipitation for HAR10.

CS 1 2–3 4–5 6 7 8 9 10–11 12–14 1–14

Month West SW 1–2 South 1–2 Brahmaputra East North-east Qaidam NW 5–4 NW 3–1 Sum Inner TP Ratio
precipitation

01 12.8 41.2 -5.0 5.9 −34.0 −2.1 3.7 7.2 −17.7 12.1 22.9 52.6%
02 15.8 47.4 −4.7 5.4 −31.5 −2.6 3.8 7.5 −21.1 20.0 33.5 59.7%
03 19.8 35.4 −6.0 7.6 −37.8 −2.9 8.1 11.1 −23.9 11.5 33.9 33.9%
04 17.8 33.4 −4.7 9.1 −36.2 −3.3 9.5 10.6 −22.8 13.4 42.7 31.4%
05 17.1 21.5 9.1 21.3 −44.3 −5.6 8.5 10.4 −19.1 18.9 55.3 34.2%
06 12.2 26.4 18.6 22.2 −42.4 −6.4 9.1 7.7 −14.5 32.9 72.3 45.5%
07 14.9 34.4 24.3 16.5 −19.4 −12.2 4.2 5.3 −22.5 45.4 98.0 46.4%
08 11.7 33.7 22.5 16.1 −22.9 −12.7 6.2 6.8 −22.6 38.8 91.8 42.2%
09 12.3 44.0 20.3 19.0 −55.1 −11.3 2.4 5.1 −21.9 14.8 57.6 25.7%
10 15.4 21.3 9.6 18.4 −56.3 −5.0 3.6 6.2 −17.3 −4.1 23.6 −17.5%
11 16.9 24.4 −5.9 4.9 −35.5 −2.5 5.8 9.4 −20.5 −3.0 11.9 −25.2%
12 15.0 36.5 −6.6 3.3 −34.2 −2.1 4.9 8.9 −20.5 5.3 15.8 33.7%

Sum 181.6 399.6 71.7 149.8 −449.8 −68.8 70.1 96.2 −244.2 206.0 559.2 (36.8±
(mmyr−1) 6.3)%
SD 59.4 47.6 15.5 22.1 44.1 8.4 12.7 12.8 24.5 42.6 77.1
(mmyr−1)
SD 32.7% 11.9% 21.6% 14.8% 9.8% 12.3% 18.1% 13.3% 10.0% 20.7% 13.8%
(%)

Table 2. The same as Table 1 but for HAR30.

CS 1 2–3 4–5 6 7 8 9 10–11 12–14 1–14

Month West SW 1–2 South 1–2 Brahmaputra East North-east Qaidam NW 5–4 NW 3–1 Sum Inner TP Ratio
precipitation

01 13.6 43.1 −7.9 6.4 −35.9 −2.6 3.9 7.6 −19.9 8.3 24.3 34.0%
02 16.7 49.8 −7.4 6.1 −33.7 −3.2 4.1 8.1 −23.8 16.8 35.7 47.0%
03 21.5 36.9 −9.1 9.3 −41.1 −3.4 8.6 12.1 −27.5 7.3 36.7 19.9%
04 19.6 35.2 −8.3 11.1 −39.5 −3.7 10.1 11.3 −26.6 9.2 46.0 20.0%
05 19.0 21.4 7.5 23.3 −47.3 −5.9 9.2 10.9 −22.3 15.9 60.0 26.5%
06 13.4 25.1 20.1 23.2 −47.1 −6.5 10.1 7.5 −16.1 29.8 76.2 39.1%
07 16.2 32.2 27.6 14.1 −24.0 −12.6 4.9 3.9 −24.0 48.3 98.8 38.8%
08 12.2 32.1 25.5 14.0 −27.3 −13.4 7.0 5.2 −23.7 31.6 91.8 34.5%
09 13.4 43.2 22.8 19.3 −60.7 −12.1 2.9 4.5 −24.2 9.1 58.4 15.5%
10 17.1 20.2 8.6 19.7 −59.2 −5.8 4.0 6.8 −20.3 −8.9 25.1 −35.6%
11 18.4 24.5 −9.6 5.0 −37.1 −3.1 6.1 10.2 −23.6 −9.1 12.9 −71.1%
12 16.0 38.2 −10.1 3.3 −35.9 −2.7 5.2 9.5 −23.0 0.4 16.7 32.7%

Sum 197.2 401.9 59.7 154.9 −488.6 −75.0 76.1 97.4 −274.9 148.7 582.5 (25.5±
(mmyr−1) 7.4)%
SD 25.4 53.2 18.3 23.5 212.7 9.4 13.8 13.5 27.8 47.4 81.0
(mmyr−1)
SD 12.9% 13.2% 30.6% 15.2% 43.5% 12.5% 18.1% 13.9% 10.1% 31.9% 13.9%
(%)

3.5 Budget

Since we analysed AWT transport in and to the TP and
quantified the input and output, the question arises of which
amount of precipitation falling on the inner TP results from
external moisture supply and which amount is provided by
the TP itself from local sources and moisture recycling.
Table 1 displays the monthly decadal average of AWT

through the individual cross sections and the sum for all cross
sections, the precipitation falling on the inner TP and the ra-

tios between them. To make the comparison with the pre-
cipitation easier, we converted the net atmospheric water in-
put to a theoretical precipitation equivalent (mmmonth−1).
We obtain an annual mean AWT input of 206.0mmyr−1 for
HAR10. For the mean annual precipitation falling on the in-
ner TP, a value of 559.2mmyr−1 results. The ratio of net
input of atmospheric water to the precipitation falling on the
inner TP reveals that, on average, AWT through the borders
accounts for 36.8% of the precipitation during the year. Ac-
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cording to this, the remaining 63.2% of atmospheric wa-
ter needed for precipitation must be provided by the TP it-
self. This moisture supply probably takes place via moisture
recycling from local sources, e.g. evaporation from numer-
ous large lakes, soil moisture, the active layer of permafrost,
snow melt and glacier run-off. The ratio is highest in winter
when the TP cannot provide moisture for precipitation by it-
self, followed by summer, where the largest net input occurs.
In October and November the ratio is negative, which means
that the TP provides more moisture than it receives from ex-
ternal sources. These are the 2 months where the output of
moisture from the TP is larger than the input; this is possi-
ble because the moisture imported to the TP in summer is
available for export in autumn. On a monthly basis, there is
certainly a time lag between the moisture entrance and the
precipitation, making the analysis of the monthly ratios diffi-
cult. The standard deviations for HAR10 (HAR30) in Table 1
(2) show that the atmospheric water input varies more be-
tween the years than the precipitation falling on the TP. This
implies that the evaporation from local sources stabilises the
precipitation falling on the inner TP.

4 Discussion

4.1 General discussion of results

The main WV input to the TP takes place through the south-
ern and western boundaries, confirming the results of Feng
and Zhou (2012), even if their western boundary is further
east. The WV entering the TP through the eastern part of
the southern boundary originates from the monsoonal air
masses, while the WV entering the TP through the western
boundary originates in the mid-latitude westerlies. The rel-
atively high input through the western boundary shows that
the westerlies are not fully blocked by the TP and not all
moisture transported with them is redirected north or south.
The magnitude of this WV input is similar to that of the in-
put through the Brahmaputra channel. This agrees with the
findings of Mölg et al. (2013), who found that the wester-
lies play a role for precipitation and glacier mass balance in
summer also, and they challenged the assumption that the
westerlies contribute moisture only in winter or just in the
northernmost parts of the TP in summer (Hren et al., 2009;
Tian et al., 2007). Our results show that there is direct at-
mospheric water transport through the western boundary by
the mid-latitude westerlies in summer, which shoes that the
westerlies are not fully blocked by the TP. The westerlies also
contribute moisture to the TP through valleys in the western
parts of the southern boundary by the southern branch of the
westerlies. This implies that moisture entering the TP from
the south-west can be transported there either by the wester-
lies or the monsoon, depending on the how far these systems
extend eastward or westward along the southern slopes of
the Himalayas, respectively. The examination of this struc-
ture will be the subject of a subsequent study. The main WV

output from the TP takes place through the eastern border, as
also found by Feng and Zhou (2012). The TP is a source of
moisture for the downstream regions in the east throughout
the year like the Yangtze River valley in China, agreeing the
results from Chen et al. (2012) and Luo and Yanai (1983),
that the TP contributes precipitation to its downstream areas
in summer. Thus we can confirm the importance of the find-
ings from Bin et al. (2013), Xu et al. (2011) and Chen et
al. (2012), who called the TP a transfer or re-channel plat-
form of moisture for the downstream regions in East Asia.
In our study, we could not find any contribution of the East

Asian SummerMonsoon to theWV transport towards the TP,
although it has thus far been assumed to have an influence
on the TP (Yao et al., 2012; Bolch et al., 2012). The WV
transported from east to the TP in the lower levels in summer
(CS 7, Fig. 9c), also detected by Luo and Yanai (1983) and
Feng and Zhou (2012), is not transported to this region by
the East Asian Monsoon flow but by the eastern branch of
the Indian summer monsoon flow. This is clear if we look at
the transport patterns for HAR30 (Fig. 3). It is interesting that
the HAR WV flux has a stronger westward component east
of the TP than ERA-Interim (Fig. 2c) and still does not show
any transport from east to west in the climate mean state.
Since we focus on the mean climatology during our period of
investigation, we cannot exclude the contribution of moisture
from the East Asian summer monsoon (EASM) to the TP for
single years or events, but at the same time we expect it to be
visible in the mean if it is significant. Our hypothesis is that
the transient weather systems could bring moisture from the
east to the TP; however they are not visible in the means. It
will be the goal of a future study to examine such weather
systems in detail.
Prior studies focused on theWV transport and did not con-

sider the CP flux. The assumption so far was that the CP
transport is so small compared to the WV flux, that it does
not have a significant influence on the atmospheric mois-
ture transport. Our results show that the contribution of the
CP flux to the entire AWT is not negligible in winter in the
Pamir and Karakoram ranges (the western and south-western
border of the TP), where it contributes up to 25% of the
entire AWT. The fact that the CP transport plays a role in
the Karakoram and western Himalayas, the regions which
are controlled mainly by the westerlies, lets us conclude that
in this region moisture advection presumably plays a strong
role. The horizontal motion is dominant in advective pro-
cesses towards convection where the vertical motion is domi-
nant. This leads to the fact that clouds developed in advective
processes, for example frontal processes, can be transported
further away from their origin than convective clouds.
The moisture supply from external sources provides

around 36.8% of the atmospheric water needed to produce
the mean annual precipitation on the inner TP while the re-
maining part originates from the TP itself by local moisture
recycling. These results highlights the importance of local
moisture recycling as already emphasized by Kurita and Ya-
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mada (2008), Joswiak et al. (2013) and Chen et al. (2012).
For the northern Tibetan Plateau, Yang et al. (2006) de-
tected that 32.06% of the precipitation is formed by water
vapour from ocean air mass and 46.86% is formed by wa-
ter vapour evaporated from local sources. They found that at
least 21.8% of the precipitation is formed by water vapour
evaporated on the way and then transported by the monsoon
circulation. Yang et al. (2007) also showed that for two flat
observation sites in the central eastern part of the TP, the
evaporation is 73 and 58% of the precipitation amount. This
is in a good agreement with our results that 63.3% is pro-
vided by local moisture recycling. This moisture is provided
by evaporation from numerous large lakes, soil moisture, the
active layer of permafrost, snowmelt and glacier run-off. The
question arises over what will happen with the atmospheric
water, which is transported to the TP. Does it remain in the
TP or is it lost as run-off. Could this moisture input be an
explanation for the observed lake level rises?
The comparison of the net atmospheric water input to the

TP through the cross sections, the precipitation falling on the
inner TP and the ratio between them for HAR10 (Table 1)
and HAR30 (Table 2) show that the different horizontal res-
olutions result in differences between the two data sets. On
an annual basis, the different horizontal resolutions result in
an AWT input difference of 57.3mmyr−1 and a precipitation
difference on the inner TP of 23.3mmyr−1, where HAR30
has the lower AWT input but the higher precipitation amount.
This leads to a difference of 11.3 percentage points in the ra-
tio of AWT to precipitation between the HAR10 (36.8%)
and HAR30 (25.5%) data sets. Nevertheless, HAR30 has,
for almost every cross section and month, higher transport
amounts for both input and output. Due to the fact that the
output values are also higher, the annual net input for HAR30
is lower than for HAR10. On an annual basis HAR30 shows
just three-fourths of the HAR10 AWT input. A possible ex-
planation for lower transport amounts for individual cross
sections in HAR10 could be that the higher horizontal resolu-
tion is overridden by higher orographic barriers due to better
representation of the topography. Shi et al. (2008) showed
that a higher horizontal resolution and more realistic repre-
sentation of the topography is important for the development
of disturbances leading to precipitation events in the down-
stream regions of the TP like the Yangtze River valley. Our
study shows that for a quantification of AWT and the spa-
tiotemporal detection of its major pathways and sources it is
important to examine the complex topography of high Asia
with high spatial resolution.

4.2 Sources of uncertainty

The uncertainty of the results depends on the accuracy of the
data itself, the position of the cross sections used to calculate
the budget and the vertical resolution of the data set.
Maussion et al. (2014) compared HAR precipitation with

rain-gauge observations and the TRMM precipitation prod-

ucts 3B42 (daily), 3B43 (monthly) and 2B31 (higher res-
olution). They found an improvement when increasing the
horizontal resolution from 30 to 10 km in comparison to
the gauges. A slight positive bias could be detected against
the same stations (0.17mmday−1 for HAR10 and monthly
precipitation values, their Fig. 3), comparable to that of
TRMM 3B43 (0.26mmday−1). Converted to annual values
(62mmyr−1) and compared to the value of HAR precipi-
tation averaged over the inner TP (559mmyr−1), this bias
remains significant. In a simple first-order approach, by as-
suming this bias to be constant over the region (and assum-
ing no rain gauge undercatch), this would increase the part of
moisture needed for precipitation coming from the outer TP
from 36.8 to 41.4%.
To determine if the position of the cross sections has an

influence on our results, we replicated our budget analy-
ses with the cross sections moved around 60 km towards
the centre of the TP for the HAR10 data set. This results
in new budget values for net atmospheric water input of
202.6mmyr−1 (206.0mmyr−1 with the old cross sections),
and 506.3mmyr−1 (559.2mmyr−1) precipitation falling on
the inner TP. This result in a change of the percentage from
36.8% (found for the original position of the cross sections)
to 40%. This is caused mainly by a change of the precipi-
tation amount of −52.9mmyr−1, while the atmospheric wa-
ter input is nearly the same (−3.4mmyr−1). This change is
smaller than the standard deviation (6.3%) of this ratio.
We analysed if the vertical resolution could have an in-

fluence on precipitation and moisture transport by creating a
new series of simulations for the entire year of 2010, whereby
we increased the number of vertical levels from 28 to 36 (all
other settings kept unchanged). Precipitation patterns in the
HAR10 domain remain very similar. Large absolute differ-
ences are found in the monsoonal affected regions south of
the TP and the Himalayas. The largest relative differences
occur in regions with very low precipitation rates, in the arid
regions (e.g. Tarim Basin) north of the TP. The amounts and
patterns of the vertically integrated atmospheric water trans-
port match well with one another, relative differences are
around ±5% in the TP and only slightly higher in small
regions south and north of the TP. The computation of the
water budget for the year 2010 for 36 (28) vertical levels re-
sults in a net input of atmospheric water of 191.9mmyr−1
(195.2mmyr−1), with 623.3mmyr−1 (621.8mmyr−1) pre-
cipitation falling on the inner TP and an annual proportion
of 30.8% (31.4%) for 2010. This shows that the results ob-
tained with 28 vertical levels are reliable.
There is no other possible way to estimate the uncertainty

of the computed fluxes than the rough comparison of ERA-
Interim provided in Sect. 3.1. Certainly, the choice of the
model set-up and the reinitialization strategy also influence
our results. Put together, these uncertainties are not negligi-
ble but there is no indication that our core conclusions are
significantly affected.
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Due to the temporal averaging of the model results to
monthly means, we ascertain the mean climatology, but lose
the ability to analyse the data process based. The processes
regarding the interplay of atmospheric water transport and
precipitation will be the subject of a subsequent study at a
higher temporal resolution (e.g. daily).

5 Conclusions

The TP experiences high precipitation variability leading to
dry spells and droughts, as well as to severe snow- and rain-
fall events and subsequent floods. However, there are strong
differences between regions and seasons which are not yet
well understood on present-day climate conditions, making
statements for past and future climates highly speculative.
Therefore, in another study, we will analyse if there are sig-
nificant differences in the AWT patterns in wet and dry years
to find out whether the extremes are influenced by changes
in atmospheric circulations or just in a change of the trans-
ported amount of atmospheric water. These results could then
be compared with the results of Lu et al. (2014), who anal-
ysed the differences in the atmospheric circulation for wet
and dry monsoon seasons of nearly the same period (2000–
2010) using coarser-resolution data sets. Large-scale telecon-
nections, such as the influence of the North Atlantic Oscil-
lation (NAO) mode during wet and dry periods, have been
analysed for longer periods by, e.g. Liu and Yin (2001) and
Bothe et al. (2009, 2011). An examination of the AWT pat-
terns in the HAR during periods with positive or negative
NAO index could be used to potentially reconfirm their find-
ings using higher-resolution data. Interesting regional fea-
tures, such as the large amount of atmospheric water over
the dry Qaidam Basin, which does not result in precipitation,
need to be studied in detail by analysing the reasons for pre-
cipitation suppression. Dust particles originating in the arid
regions could play a role in precipitation suppression (Han et
al., 2009).
Our first water budget estimate reveals that local moisture

recycling is an important factor and provides more moisture
than the input from external sources (on average 60% versus
40%). Moisture recycling has to be studied more in detail in
the future to gain a better understanding of the water cycle in
the TP. It would be interesting to analyse if and how the atmo-
spheric water stored in snow in winter contributes to the at-
mospheric water transport and precipitation of the following
warm season. Due to this storage term, the westerlies could
play an even greater role in the hydrological cycle of some
regions of the TP in summer. It is difficult to clearly differ-
entiate between moisture provided by the large-scale circula-
tions (mid-latitude westerlies and monsoon systems) or local
moisture recycling because, for example, monsoonal mois-
ture could reach the north-eastern parts of the TP via multi-
ple moisture recycling as mentioned by Yang et al. (2006).
Also, the mixing of water vapour sources as seen in the ex-

amination of the vertical structure of the transport shows that
the general question of where the moisture comes from of-
ten cannot be answered by naming only one source. This can
make the identification of moisture sources using isotope sig-
nals difficult. Therefore, the part of the atmospheric column
where the precipitation actually forms has to be identified
in addition to the development of a more in-depth analysis
of the atmospheric water transport fluxes on individual lev-
els. Additionally the other components of the water balance,
e.g. evaporation and run-off, should be considered in further
studies.
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Abstract. The Tibetan Plateau (TP) is the origin of many large Asian rivers, which provide water resources for
large regions in south and east Asia. Therefore, the water cycle on the TP and adjacent high mountain ranges,
in particular the precipitation distribution and variability play an important role for the water availability for
billions of people in the downstream regions of the TP.

The High Asia Refined analysis (HAR) is used to analyse the dynamical factors that influence precipitation
variability in the TP region, including the factors resulting in the enhancement and suppression of precipitation.
Four dynamical fields that can influence precipitation are considered: the 300 hPa wind speed and wind speed
2 km above ground, the 300 hPa vertical wind speed, and the atmospheric water transport. The study focusses
on the seasonality and the spatial variability of the precipitation controls and their dominant patterns. Results
show that different factors have different effects on precipitation in different regions and seasons. This depends
mainly on the dominant type of precipitation, i.e. convective or frontal/cyclonic precipitation. Additionally, the
study reveals that the midlatitude westerlies have a high impact on the precipitation distribution on the TP and
its surroundings year-round and not only in winter.

1 Introduction

The Tibetan Plateau (TP) has been called the “world water
tower” (Xu et al., 2008) and is the origin of many rivers in
high Asia, which provide water for billions of people down-
stream in south and east Asia. The TP is located in the transi-
tion zone between the midlatitude westerlies (Schiemann et
al., 2009) and the Indian and east Asian summer monsoon
systems (Webster et al., 1998). The TP shapes the hydro-
climate of downstream regions by its influence on the large-
scale circulation (Hahn and Manabe, 1975), caused by its
large extent and height.

Since precipitation is a key feature of the water cycle of
high Asia, it is important to analyse the factors controlling
precipitation variability. Identifying which dynamic factors
influence the precipitation may also help to estimate the im-
pact of future climate change on precipitation variability.

Previous studies have stated that precipitation over the TP
is controlled by the westerlies in winter and the Indian and
east Asian summer monsoon in summer (e.g. Hren et al.,
2009; Tian et al., 2007; Yang et al., 2014). This assumption
is derived only from the precipitation timing, but Curio et
al. (2015) and Mölg et al. (2014) have already shown that the
midlatitude westerlies also have an impact on the summer
precipitation.

There are many studies that have explored the influence of
atmospheric circulation modes, e.g. the North Atlantic Os-
cillation, the Arctic Oscillation, and El Niño–Southern Os-
cillation, on the climate and precipitation in high Asia and
on the monsoon systems (e.g. Bothe et al., 2010; Liu et al.,
2016; Liu and Yin, 2001; Rüthrich et al., 2015). Less atten-
tion has been paid to the underlying processes controlling the
precipitation variability over the TP and the surrounding high
mountain ranges.
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The High Asia Refined analysis (HAR) (Maussion et al.,
2014), which is the result of the dynamical downscaling of
an operational analysis and which covers more than 13 years
at high spatial and temporal resolution, provides the opportu-
nity for a process-based analysis of the precipitation and its
variability.

The starting point of this study is the seasonality of the
precipitation over the TP and the evaluation of the factors
that control the precipitation over the TP and the surrounding
high mountain ranges. This focusses on the timing, location,
and strength of the factors that influence precipitation and its
variability.

The main aim of this study is to describe the spatial and
temporal correlation of selected dynamical variables and
precipitation to reveal the underlying mechanisms through
which the variables influence precipitation and therefore act
as controls of precipitation variability.

We selected four variables as dynamic precipitation con-
trols: horizontal wind speed at 300 hPa and at about 2 km
above ground, the vertical wind speed at 300 hPa, and the
vertically integrated atmospheric water transport. It is known
that these factors have an influence on precipitation variabil-
ity, but on the basis of coarse-resolution datasets it was not
possible to analyse the relations in a spatially and temporally
differentiated way like it is now with the HAR.

The different precipitation controls have effects on dif-
ferent spatial scales. While the horizontal and vertical wind
speeds at 300 hPa (WS300 and W300) are large-scale con-
trols, the horizontal wind speed in the boundary layer
(WS10) is active on the mesoscale. The atmospheric water
transport (AWT) connects the large scale with the mesoscale
because it is effective on both scales and across large dis-
tances. We do not claim completeness for the list of precip-
itation controls but assume that these four factors belong to
the most important dynamic precipitation controls. It is im-
portant to keep in mind that the precipitation controls are not
independent of each other and can have combined effects on
precipitation variability or cancel out each other; this will not
be in focus of the current study.

In the following we will briefly introduce the selected pre-
cipitation controls and their possible impacts on precipitation
variability.

The horizontal wind speed at the 300 hPa level has two
main effects on precipitation variability. High WS300 can in-
hibit or cut off deep convection and thus suppress precipita-
tion development (e.g. Findell et al., 2003; Zhang and Atkin-
son, 1995). In this case only shallow convection can form,
which does not lead to considerable precipitation amounts.
Mölg and Chiang (2009) showed that convective precipi-
tation events on tropical mountain summits correspond to
low horizontal wind speeds. On the other hand, higher wind
speeds can have positive effects on moisture advection and
orographic lifting and can, at lower levels, enhance evap-
oration from the surface and therefore convection (e.g. Jo-
hansson and Chen, 2003; Roe, 2005). This process is most

interesting during the warm half of the year, when surface
moisture from local sources like lakes, soil moisture, the ac-
tive layer of permafrost, snow- and glacier melt is available.
Moisture recycling plays an important role in precipitation on
the TP (e.g. Araguás-Araguás et al., 1998; Trenberth, 1999);
on average, more than 60 % of moisture needed for precip-
itation falling on the inner TP is provided by the TP itself
(Curio et al., 2015).

The core of the subtropical westerly jet (SWJ) occurs at
the 200 hPa level. Over the Tibetan Plateau the jet reaches
down to 300 hPa and still has an effect there and also at
lower levels. This was shown for the HAR by Maussion et
al. (2014). The strength and location of the jet influences
the hydro-climate of the Tibetan Plateau and central Asia
(e.g. Schiemann et al., 2009). The precipitation seasonality
in the north-western parts of the study region is especially re-
lated to the position of the jet (Schiemann et al., 2008). Gar-
reaud (2007) pointed out that stronger than normal low-level
westerlies lead to more precipitation on the windward side
of meridionally orientated mountain ranges (orographic pre-
cipitation), while high wind speeds at mountain tops lead to
rather dry conditions because of intensified downdrafts. This
process is called the rain shadow effect. But he also shows
this could lead to more precipitation on the lee side because
more cloud particles are advected and disturbances can over-
come the topographic barrier with the help of higher wind
speeds, which would lead to more frontal or cyclonic precip-
itation. This case already shows that the influence each of the
dynamic controls has on precipitation depends on many fac-
tors and that this influence varies highly regarding time and
space.

The influence of the vertical wind speed on precipitation
depends on the direction of the vertical wind, i.e. on whether
it is an updraft or a downdraft (Rose et al., 2003). Up-
drafts have a positive impact on precipitation because they
can boost or enhance convection and are a key element for
orographic precipitation on the windward side of mountain
ranges, while downdrafts (e.g. on the lee side of mountain
ranges) and subsidence lead to the inhibition of convection
and cloud dispersal. The expectation is that we have mainly
positive correlations of vertical wind with precipitation: high
upward winds cause higher precipitation and higher down-
ward winds cause less precipitation.

Atmospheric water transport (AWT) is not only a dynamic
precipitation control because it is a product of atmospheric
moisture content and wind speed (and direction). The posi-
tive effect of AWT on precipitation variability due to mois-
ture supply is described in, for example, Barros et al. (2006)
and Giovannettone et al. (2009). Therefore, we assume that
there is always a positive correlation between AWT and pre-
cipitation. But high AWT does not automatically lead to pre-
cipitation development, which was shown, for example, by
Curio et al. (2015) for the Qaidam Basin where the prevail-
ing atmospheric subsidence inhibits convection.

The main objectives of the study are three-fold:
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Figure 1. Map of the Weather and Research Forecasting (WRF) model domain HAR10 (high Asia domain) and its location nested in the
larger domain HAR30 (south–central Asia domain). Geographical locations are indicated in white.

i. to analyse the impact of selected dynamic variables on
the spatial and temporal variability of precipitation

ii. to examine whether the different factors that control
precipitation variability act in the same way in differ-
ent regions and at different times

iii. to gain a better understanding of the role of the midlati-
tude westerlies and the summer monsoon systems in the
precipitation distribution on the TP.

In the following section, we describe the data and methods
used in this study. Section 3 presents the precipitation sea-
sonality on the TP and adjacent mountain ranges based on the
HAR, using a cluster analysis. The focus of the study is the
period 2001–2013. Afterwards we analyse the correlations
between the four selected dynamic variables and precipita-
tion regarding seasonality and spatial variability. A principal
component analysis of this correlations is then used to detect
the dominant patterns. The results and their uncertainties are
discussed in Sect. 4. In Sect. 5, we draw conclusions from
our study.

2 Data and methodology

2.1 The High Asia Refined analysis

This study is based on the HAR. The HAR has been pro-
duced using the advanced research version of the Weather
and Research Forecasting model (WRF-ARW; Skamarock
and Klemp, 2008) version 3.3.1 to dynamically downscale
the Operational Model Global Tropospheric Analyses (final
analyses, FNL; data set ds083.2), a global gridded data set.
The HAR dataset, its modelling, forcing, and re-initialization

strategies are described in detail by Maussion et al. (2011,
2014). The HAR data set currently covers the period from
October 2000 to September 2014 and will be updated con-
tinuously. The first domain of the HAR encompasses most
parts of south–central Asia with a spatial resolution of 30 km
and temporal resolution of 3 h (HAR30). High Asia and the
Tibetan Plateau are the focus of a second nested domain with
a spatial resolution of 10 km and temporal resolution of 1 h
(HAR10). A map of the HAR10 domain and its location in
the parent domain HAR30 are shown in Fig. 1. In this study
we analyse the processes on the TP and the surrounding high
mountain ranges and therefore use the HAR10 data only.
The calculation of the vertically integrated atmospheric water
transport can be found in Curio et al. (2015). For this study
the HAR data are used on a daily basis.

The HAR data set was validated by Maussion et al. (2014)
by comparison with rain-gauge observations from the Na-
tional Climatic Data Center (NCDC) and the satellite-derived
gridded precipitation data from the Tropical Rainfall Mea-
suring Mission (TRMM). The HAR shows a slightly pos-
itive bias in comparison with station data: 0.17 mm day−1

for HAR10 (0.26 mm day−1 for TRMM 3B43 product). The
comparison with TRMM shows that HAR captures the gen-
eral features of precipitation seasonality, variability, and
spatial distribution. Maussion et al. (2014) found that the
HAR10 precipitation averaged over the domain shows 15 %
more precipitation than TRMM, but these differences are as-
sumed to be related to the well-known underestimation of
snowfall and light rain by TRMM. Convective precipitation
is simulated in agreement with results from literature, but
one has to keep in mind that the model uses a parameteriza-
tion scheme for cumulus convection. A spatial resolution of
10 km is not high enough to resolve cumulus convection. The
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HAR is able to reproduce orographic precipitation features as
documented by Bookhagen and Burbank (2010). Maussion
et al. (2014) state that these qualitative considerations cannot
provide a quantitative uncertainty value. Curio et al. (2015)
compared the HAR30 atmospheric water transport (AWT)
with ERA-Interim (Dee et al., 2011). They found similar pat-
terns; the differences being related to the different spatial
resolutions and thus a better representation of the underly-
ing topography by the HAR. In the HAR data, the blocking
of AWT from the Bay of Bengal by the Himalayas is more
pronounced, and the results show the importance of merid-
ionally orientated high mountain valleys for moisture supply
to the Tibetan Plateau. We have compared the 300 hPa wind
of the HAR10 data set with ERA-Interim. Figure S1 (see the
Supplement) shows that they are in a good agreement with
each other. Due to the daily re-initialization strategy used to
generate the HAR data set, the wind fields in higher levels
cannot evolve as far away from the forcing data as this is
possible for longer model runs. The question of how large
the uncertainties of the HAR data and especially precipitation
are and how we can estimate them is a topic which should be
investigated more in detail. Since there are no other gridded
data sets with a comparable high temporal and spatial res-
olution, the possibilities to validate the HAR are generally
limited and will be the subject of future research.

2.2 Methodology

The selection of precipitation controls relies on well-studied
relations of these factors with precipitation (e.g. Back and
Bretherton, 2005; Garreaud, 2007; Shinker et al., 2006), but
these controls were not investigated at high spatial and tem-
poral resolution in high-mountain Asia until now.

The current study is based on the HAR10 data set for the
study period 2001–2013 (all entire years available). Starting
point of this study is an analysis of the precipitation season-
ality on the TP using the k-means clustering method (e.g.
Wilks, 1995). The percentages of monthly contribution to
annual precipitation and not the precipitation amounts were
used to define seven classes with different precipitation sea-
sonality. This has the advantage that, in an area like high Asia
where the differences in precipitation amounts vary strongly
between regions and seasons, the regions were made compa-
rable by this method. We conducted the cluster analysis with
other numbers of classes (5–9), but the chosen number of
seven classes led to the best ratio between coherent patterns
and sufficient distinction between classes. This analysis fol-
lows the approach of Maussion et al. (2014), who used the
clustering to detect glacier accumulation regimes on the TP.
Their input data were restricted to glaciated areas only. Our
current analysis expands the database to the entire TP and
surrounding regions, using all grid points of the HAR10 do-
main.

For all further analysis daily averaged HAR data are used.
Because we are only interested in precipitation days, the data

set is stratified using a daily precipitation threshold. This is
done month-wise. For example, all analyses for July depend
on the data for each July day during the period 2001–2013;
these are 31 × 13 days, i.e. 403 days in total. Precipitation
days for a grid point are defined as days with a mean daily
precipitation rate of at least 0.1 mm, which is a commonly
used minimum value to define precipitation days (e.g. Polade
et al., 2014; Liu et al., 2011; Bartholy and Pongracz, 2010;
Frei et al., 1998). The threshold was basically used to filter
out numerical artefacts and not to exclude events from the
database.

The daily precipitation rate at each grid point is calculated
as the mean precipitation rate for all grid points within an
area of 15 × 15 grid points around the specific grid point.
The time mask for precipitation days is then applied to the
four variables used as precipitation controls. The number of
precipitation days can vary distinctly between regions and
seasons. Each of the dynamical variables is correlated with
the precipitation using the Spearman rank correlation. This
is done month-wise for all precipitation days in a specific
month during the study period and for each grid point in the
HAR10 data set. Using correlations avoids problems asso-
ciated with the exact precipitation rates and amounts falling
on the TP, which are hard to measure and to model exactly.
The Spearman rank correlation uses the ranks of the values
and not the values itself, which makes the correlations in-
dependent of the real data and more robust against outliers.
This makes it easier to compare regions with very different
precipitation amounts with each other and helps to reduce
the effects of extreme events on the correlation results. We
are aware of the fact that ranking the data leads to a slight
information loss compared to the real values. We are sure
that for our purpose the advantages are bigger than the dis-
advantages. Only correlations, which are significant at the
95 % level, are plotted. The statistical significance of the cor-
relations was tested using a two-tailed test to determine the
deviation from 0 (Numerical Recipes, The Art of Scientific
Computing, 1992). The calculation oft the statistical signifi-
cance is described more in detail in the Supplement. A prin-
cipal component analysis (PCA) is performed for the results
of the correlations with precipitation to detect the dominant
relationships.

3 Results

3.1 Precipitation seasonality

Figure 2 shows the seven defined classes of precipitation
regime and the mean annual cycle of monthly precipitation
percentage in each class. It is clearly visible that the TP and
the surrounding high mountain ranges show a spatial vari-
ability regarding precipitation seasonality. A class with a pre-
cipitation maximum in summer and a minimum in winter is
dominant on the central TP and south of the Himalayas in
India, Nepal, and Pakistan (blue, class 6). This class is the
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Figure 2. Precipitation clusters (left) and the mean annual cycle of percentage contribution of monthly precipitation to annual precipitation
for each cluster (right).

monsoonal precipitation class because the precipitation per-
centage increases from June onwards, the onset period of the
Indian summer monsoon. During July and August more than
50 % of the annual precipitation falls in this regions, while
from October to May the monthly precipitation amount is
below 5 % of the annual precipitation. The yellow class has
a much broader and less pronounced summer precipitation
maximum and the increase and decrease proceed with simi-
lar rates. The annual cycle of precipitation in this class is de-
termined by the seasonal cycle of solar forcing and therefore
convective activity. The green class represents a transition
zone between the monsoonal and convective classes where
the monsoon can have an influence but is not dominant. This
means that both monsoonal precipitation and/or only solar-
forced convective precipitation can occur.

The naming convention does not mean that the monsoonal
class precipitation is not of convective nature, but it should
emphasize that the precipitation (development/variability) is
influenced by the monsoon, which is associated with the ad-
vection of tropical air masses. The monsoonal class is a sub-
set of the convective class. The timing and strength of the
precipitation maximum provides an indication of a different
forcing. In the monsoonal class the precipitation maximum
is higher, starts during the Indian summer monsoon onset,
and persists for a shorter time period. The monsoonal class is
divided into a northern and southern part by the Himalayas.

The grey-blue class experiences its precipitation maxi-
mum in winter and is dominated by the influence of the mid-
latitude westerlies. This class occurs mainly in the Pamir–
Karakoram–western Himalayas (PKwH) region, as one co-
herent pattern, and additionally in the eastern part of the
Tarim Basin. The precipitation maximum is much lower, but
the minimum values are higher than in the classes dominated
by summer precipitation, which shows that the intra-annual
variability is lower and the values vary between 15 and 5 %
but are never below 5 % in the mean. This could lead to the

assumption that the influence of the midlatitude westerlies is
more constant year-round, while the monsoon has a stronger
but temporally more limited influence on precipitation on the
TP.

The light blue class exhibits a more evenly distributed sea-
sonality of precipitation during spring and summer with a
minimum in November. This class surrounds the grey-blue
cluster at the southern flank of the western Himalayas (west-
ern notch), in the south-eastern TP, and in the eastern Tarim
Basin. It is interesting that the region in the south-east of
the TP, where the Brahmaputra Channel enters the TP, be-
longs to a different class than the surroundings, which are di-
vided between the three convectively dominated classes blue,
yellow, and green. Maybe there is stronger influence from
AWT, which would make this region more similar to the sur-
roundings of the PKwH region regarding the factors control-
ling precipitation variability. Another possible reason could
be the occurrence of extratropical cyclones which propagate
eastward along the Himalayas and are then terrain-locked
by the eastern notch of the Himalayas (Norris et al., 2015).
This would lead to a higher moisture supply to the region
and therefore higher amounts of orographic precipitation.
This kind of terrain locking of the westerly flow in winter
is described in detail for the western notch of the Himalayas
by Norris et al. (2015). This mechanism would explain the
higher shares of winter precipitation in the region around the
Brahmaputra Channel and the affiliation to the same class oc-
curring at the southern flank of the western Himalayas in the
western notch.

The remaining two classes – red and purple – almost only
appear in the Tarim Basin. They are both characterized by a
spring and early summer precipitation regime but also show
some differences. The amount of precipitation in the purple
class increases sharply from March to May and June, where
the maximum with a value of slightly above 20 % occurs.
The decrease is even sharper so that in July already only 6 %
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Figure 3. Coefficient of correlation (rho) between horizontal wind speed at 300 hPa (WS300) and precipitation for all months (01–12).
Positive correlations are denoted in red, while negative correlations are denoted in blue.

of the annual precipitation occurs. The annual cycle of the
red class seems to be delayed relative to the purple one, and
the period of maximum precipitation is only 1 month long.
In spring the values are lower but higher in late summer and
autumn, while they are almost the same during winter.

The high mountain ranges of the Himalayas and Kun-
lun and Qilian Shan exhibit a complex structure of different
classes over relatively short distances and therefore exhibit
no coherent patterns. This holds true also for the border area
between the Karakoram and the Tarim Basin. The mountain-
ous region of the Pamir and Karakoram is represented by
only one class, which implies that this region is mainly in-
fluenced by one atmospheric forcing (midlatitude westerlies)
or that different controls have the same impact in this region.
The other mountain ranges lie in regions where an interplay
of different controls occur, and the temporal and spatial vari-
ability is larger on smaller scales.

3.2 Correlation of dynamic variables and precipitation

3.2.1 Horizontal wind speed

Horizontal wind speed at 300 hPa (WS300)

The correlations between WS300 and precipitation are
shown in Fig. 3. There are high positive correlations in win-
ter in the PMwH region; this is the time of the year when
the majority of precipitation falls in this region (e.g. Curio
et al., 2015; Maussion et al., 2014). The precipitation in the
PMwH region is mainly cyclonic/frontal precipitation and
is associated with western disturbances (Dimri et al., 2015).
There are only negative correlations in the southern and east-

ern parts of the TP in winter, which enlarges over spring
and covers mainly the whole central and north-eastern TP
and large parts of the central Himalayas, with the highest
negative correlations in the central TP. The reason for the
negative correlations in these regions is that they are domi-
nated by convective precipitation (e.g. Maussion et al., 2014),
and higher wind speeds in winter inhibit the deep convec-
tion. This also explains why there are negative correlations
almost everywhere in summer. The region of negative sum-
mer correlations covers almost the same area as the convec-
tive and monsoonal precipitation classes (Fig. 2) combined,
so the impact of WS300 explains some of the precipitation
classes. In spring there is a second region with positive cor-
relations north of the TP in the Tarim Basin and the bordering
Kunlun and Qilian Shan. This area is reached by the northern
branch of the midlatitude westerlies, which delivers moisture
for precipitation. The area around the Brahmaputra Channel
exhibits slightly positive correlations, due to enhanced mois-
ture transport by higher wind speeds. The region of high pos-
itive winter correlations exhibits no or slightly positive cor-
relations in only a small area in summer, and in some parts of
the region the positive correlations are replaced by negative
ones. Since there is a non-negligible amount of precipitation
falling in this region in summer (∼ 20–40 %, see clusters 0
and 5 in Fig. 2), the lag/absence of positive correlations and
the occurrence of negative correlations means that a differ-
ent factor controls precipitation variability and/or the same
control works in a different way due to higher shares of con-
vective precipitation, especially in the eastern parts of the
Pamir–Karakoram region.
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Figure 4. Coefficient of correlation (rho) between horizontal wind speed at model level 10 (WS10) and precipitation for all months (1–12).
Positive correlations are denoted in red, while negative correlations are denoted in blue.

Figure 5. Coefficient of correlation (rho) between vertical wind speed at 300 hPa (WS300) and precipitation for all months (01–12). Positive
correlations are denoted in red, while negative correlations are denoted in blue.

Horizontal wind speed at model level 10 (WS10)

Figure 4 shows that the correlations between WS10 and pre-
cipitation are positive in the PMwH region in winter as they
are for WS300, but the region is larger, especially the region
with correlations > 0.6. The reason for the positive correla-
tions is again the enhanced moisture supply due to higher
wind speeds and therefore also more orographic precipita-

tion. The positive correlations in the Brahmaputra Channel
region (and south of it) are more pronounced, and the struc-
ture of the Brahmaputra Channel itself is clearly visible. The
moisture supply is enhanced due to strengthened winds from
the south, bringing moisture from the Indian Ocean to the
Himalayas. There are high positive correlations between the
WS10 and precipitation over the Tibetan Plateau in sum-
mer, while the correlations with WS300 are negative in sum-
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Figure 6. Mean vertical wind speed at 300 hPa for January (01) and July (07).

Figure 7. Coefficient of correlation (rho) between atmospheric water transport (AWT) and precipitation for all months (01–12). Positive
correlations are denoted in red, while negative correlations are denoted in blue.

mer. This is because of the fact that the wind speed in the
boundary layer can enhance evapotranspiration from the sur-
face (e.g. lakes; snow-, glacier, and permafrost melt), which
leads to more moisture in the lower atmosphere available for
precipitation. This correlation again emphasizes the impor-
tance of moisture recycling on the TP. In winter the corre-
lations on the TP are mainly negative because the effect of
enhanced evapotranspiration is not active due to the fact that
all potential moisture sources are frozen during this time of
the year. Strong negative correlations occur south of the Hi-
malayas and in northern parts of India in summer. When the
air flow from the south hits the mountain barrier, parts of the
flow are redirected to the south-east and north-west. The flow
becomes divergent, which forces the air above to descend,

which in turn leads to unfavourable conditions for growing
convection and therefore precipitation.

3.2.2 Vertical wind speed

The correlations between vertical wind speed at 300 hPa
(Fig. 5) and precipitation are mainly positive due to the pos-
itive effect of ascending air motion on precipitation develop-
ment, as expected, especially in summer when most of the
precipitation is convective. Therefore, the positive correla-
tions are higher in summer than in winter when almost no
precipitation falls on the TP, although the mean vertical wind
speeds (up- and downdrafts) are higher in winter than in sum-
mer (Fig. 6). This shows that higher values of one precipita-
tion control alone do not necessarily lead to higher correla-
tions and therefore more precipitation but that usually other
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conditions favourable for precipitation development have to
occur. This supports the interpretation that precipitation vari-
ability is mostly caused by combined effects of different pre-
cipitation controls.

The high mountain ranges of the Pamir and Karakoram
show a pattern of alternating positive and negative corre-
lations between vertical wind speed and precipitation. It
was expected that the correlations between the vertical wind
speed would be positive on both sides of the mountain
ranges. But the negative correlations can be explained phys-
ically. If an air flow hits a mountain range, the barrier causes
orographically induced flow patterns, with updrafts on the
windward side and downdraft on the lee side of the mountain
range. This causes the precipitation to be smaller on average
on the lee side because the downdrafts suppress precipita-
tion development. In the case of a stronger horizontal flow to
the mountains, there is stronger moisture advection and oro-
graphic precipitation, and therefore the downdrafts on the lee
side are no longer able to suppress precipitation. This leads to
the simultaneous occurrence of precipitation and downdrafts,
which is the reason for the negative correlation patterns on
the lee side of mountain ranges found in the western parts of
the study region.

3.2.3 Atmospheric water transport (AWT)

Figure 7 shows the correlations between AWT and precipi-
tation. The entire study region is dominated by positive cor-
relations during the year (Fig. 7). The highest positive corre-
lations occur in winter and early spring in the PKwH region,
where the correlation coefficient exceeds 0.8 in most regions.
This is the time of the year when the maximum precipitation
occurs in this region (Fig. 2). The annual contribution of con-
vective precipitation in this region is below 10 % (Maussion
et al., 2014), but the region exhibits orographic precipitation
triggered by the advection of moist air masses with the west-
erly flow and westerly disturbances (Cannon et al., 2014).
Therefore, a higher moisture supply leads naturally to more
precipitation. The positive correlations in the western parts
of the study region persist during the course of the year, even
if their extent and strength varies. The positive correlations
extend to the TP, the whole Himalayan arc, and along the
northern border of the TP (Kunlun and Qilian Shan). These
seem to be the moisture supply routes along the branches of
the midlatitude westerlies.

A second centre of positive correlation which is persis-
tent is found in the extreme south-east of TP, the region
where the Brahmaputra Channel enters the TP. This region
exhibits less convective precipitation on annual timescales
(Maussion et al., 2014), but it is surrounded by regions with
high convective precipitation rates. This explains the fact that
this region belongs to a different precipitation seasonality
class than its surroundings (Fig. 2). In January and Febru-
ary, the Himalayan arc exhibits mostly positive correlations
and connects the area in the western parts of the domain with

the other positive centre in the south-eastern TP around the
Brahmaputra Channel.

The spatial minimum of the positive correlations occurs
in May, whereas the correlations are very high (r > 0.6) in
the western and south-eastern centres. In May the central TP
exhibits no significant correlations which may be caused by
the fact that the AWT is very low on the TP in May (Curio
et al., 2015). From then on the area with positive correlations
enlarges but the strength of correlation decreases.

The minimum values of the positive correlations occur in
July and August. But then there are positive correlations in
the central TP, but they are not as high as in the western and
south-eastern parts of the domain during winter and spring.
This shows that the precipitation during this time of the year
is mostly convective and that the moisture comes from local
sources, so that the advection of moist air masses is less im-
portant. In large areas of the domain, the precipitation maxi-
mum occurs in July and August; ∼ 30 % of the annual precip-
itation falls on the central and southern TP during this time
(Maussion et al., 2014).

The regions where the highest positive correlations occur
are the regions where the precipitation maximum occurs dur-
ing winter, matching the grey-blue precipitation seasonality
class (Fig. 2).

There are only a few regions and months where negative
correlations occur, in the Tarim Basin during winter and in
the central Himalayas and northern India during summer.

3.3 Principal components

So far the spatio-temporal variability of correlation between
dynamical variables and precipitation for the TP and sur-
rounding high mountain ranges has been discussed. To detect
the dominant patterns in the relationship between the differ-
ent variables and precipitation and to find the time of the year
a control is most efficient, we conducted a principal compo-
nent analysis (PCA) for each of the correlation sets. Because
the dominant modes are the main interest, only the first two
principal components (PCs) are analysed, which typically ex-
plain most of the variance of the data and can also explain
important processes. For completeness, plots for all PCs can
be found in the Supplement of this study (Figs. S2–S5). The
explained variance of PC1 lies between 40 and 50 % and at
around 20 % for PC2 for all sets of correlations. The higher
PCs explain lower shares of variance, less than 10 % already
for PC3 and only 1 % for PC12.

Figure 8 shows the scores of the first two principal com-
ponents for the correlation between WS300 and precipita-
tion and their monthly loadings. PC1 shows a pattern which
looks like the winter pattern of the correlations in the western
parts of the study region, the spring pattern of the northern re-
gion, and the summer pattern of the TP were combined. This
is confirmed by the annual cycle of loadings for PC1. The
highest positive loadings occur in winter and spring, which
means that these months have the largest share of the domi-
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Figure 8. Scores of first two principal components PC1 and PC2 for
the correlation between horizontal wind speed at 300 hPa (WS300)
and precipitation (a) (positive values are denoted in red, while neg-
ative values are denoted in blue) and the monthly loadings (b) for
both PCs.

nant pattern. The loadings are high all year-round but highest
in spring and lowest in July. This implies that this pattern is
not particularly influenced by the monsoon system or, if it
is, just in the onset period. We assume that the still relatively
high loading is a result of the fact that there is high solar
forcing and therefore convective activity on the TP which is
negatively influenced by higher wind speeds at 300 hPa. The
loadings of the second PC (PC2) show a completely differ-
ent annual cycle. They are strongly negative in winter and
strongly positive in summer; it is just in the transition seasons
that the loadings are around zero. For this pattern winter and
summer play a similar role, even with opposing arithmetic
signs. This is an annual cycle pattern. The first two PCs to-
gether account for ∼ 60 % of the total variance of the data.

The first PC (PC1) for the correlation between WS10 and
precipitation (Fig. 9a) shows a pattern dominated by the win-
ter and early spring situation, high positive scores in the
PKwH region and the region around the Brahmaputra Chan-

Figure 9. Scores of first two principal components PC1 and PC2
for the correlation between horizontal wind speed at model level
10 (WS10) and precipitation (a) (positive values are denoted in red,
while negative values are denoted in blue) and the monthly loadings
(b) for both PCs.

nel, and negative scores on the central and eastern TP. The
loadings (Fig. 9b) are very high (∼ 0.8) from November to
April. Only in July and August are the loadings slightly neg-
ative. The positive correlations during summer on the TP are
not visible in PC1; they occur in PC2, which has loadings that
have a directly opposing annual cycle, meaning high positive
values in summer and slightly negative values in winter. The
first two PCs together explain ∼ 65 % of the variance in the
data.

All months exhibit high loadings for PC1 of the correlation
between the vertical wind speed and precipitation. Fig. 10
shows the scores and the loadings of the first two PCs for the
correlation of W300 with precipitation. Summer and early
autumn conditions have the largest impact, while loadings
are lowest in winter but still positive. Therefore, the high pos-
itive correlations in summer on the TP and in the lowlands
south of the Himalayas are the dominant pattern, meaning
that the vertical wind speed as a precipitation control is most
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Figure 10. Scores of first two principal components PC1 and PC2
for the correlation between vertical wind speed at 300 hPa (W300)
and precipitation (a) (positive values are denoted in red, while neg-
ative values are denoted in blue) and the monthly loadings (b) for
both PCs.

effective during that time of the year but has a mostly positive
impact on precipitation year-round. PC2 exhibits much lower
values. The annual cycle of the loadings shows that winter
and summer both have high loadings (∼ 0.5) but with differ-
ent signs: positive in summer and negative in winter. Spring
and autumn exhibit very low factor loadings and are more or
less only transition periods between winter and summer. The
first two PCs together explain ∼ 70 % of the variance in the
data.

The loadings of the first two PCs of the correlation be-
tween AWT and precipitation (Fig. 11b) exhibit a similar an-
nual cycle as the loadings of the correlation between WS300
and precipitation. For PC1 the loadings are high (between
0.6 and 0.9) in winter, spring, and autumn and low in sum-
mer (∼ 0.2). This again emphasizes the finding that AWT is
a precipitation control mainly in regions and seasons where
moisture advection and frontal/cyclonic precipitation is dom-
inant. The pattern of PC2 (Fig. 11a) is important mainly in

Figure 11. Scores of first two principal components PC1 and PC2
for the correlation between atmospheric water transport (AWT) and
precipitation (a) (positive values are denoted in red, while negative
values are denoted in blue) and the monthly loadings (b) for both
PCs.

summer months (loadings > 0.8 in July and August), while
the winter months exhibit negative loadings.

In summary, the annual cycle of the loadings for each of
the first two PCs, show a similar annual cycle. PC1 is mostly
dominated by all seasons except summer and mainly by the
winter and spring situations, whereas PC2 is determined by
summer conditions. Winter conditions also have high load-
ings but with a negative sign, while spring and autumn only
represent transition periods between these situations.

4 Discussion

4.1 General discussion of results

A main result of the current study is the high negative corre-
lations between the 300 hPa horizontal wind speed and pre-
cipitation on the TP. This confirms the findings of Mölg et
al. (2014), who showed that the flow strength at the 300 hPa
level above the TP, during the onset period of the Indian
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Figure 12. Map of precipitation clusters for HAR10 grid points (left) and the associated NCDC stations (middle). The map on the right
shows whether the clusters match (green dots) or not (red dots).

summer monsoon, exhibits strong negative correlations with
precipitation and explains 73 % of the interannual mass bal-
ance variability of the Zhadang glacier, located at the Nyain-
qênthangla range in the central TP. They argue that weak
flow conditions favour convective cell growth. This together
with the high positive correlations, in regions and seasons
where frontal or cyclonic precipitation is dominant, shows
the strong influence of the subtropical westerly jet (midlat-
itude westerlies) not only on the western parts of the study
region but also on the TP itself, which previously has mostly
been described as mainly influenced by the monsoon system
(Hren et al., 2009; Tian et al., 2007; Yang et al., 2014).

Previous studies have stated that the precipitation on the
TP is controlled by the midlatitude westerlies in winter and
the Indian and east Asian summer monsoon in summer (e.g.
Hren et al., 2009; Tian et al., 2007; Yang et al., 2014). This
assumption is based only on precipitation timing, but Curio
et al. (2015) and Mölg et al. (2014) have already shown that
the midlatitude westerlies also have an impact on summer
precipitation. The current study highlights their findings by
the detection of the negative influence of the high horizon-
tal wind speeds on precipitation (development, variability,
amount) on the TP in summer.

Spiess et al. (2015) showed that in summer, increased hor-
izontal wind speeds at 400 hPa have a positive effect on the
height of the equilibrium line altitude at glaciers in different
regions on the TP; they assumed that this could be caused
by a reduction in convective precipitation due to high wind
speeds. Exactly this process is shown by the strong negative
correlations between horizontal wind speed at 300 hPa and
precipitation in summer on the TP (Fig. 3).

The identified positive correlations of the wind speed in
the boundary layer with precipitation in summer on the TP
agree with the findings of Back and Bretherton (2005), who
detected positive correlations between near-surface wind
speed and precipitation only when convection can be trig-
gered easily. Their study region was the Pacific ITCZ, but we
assume that their findings are also valid for the TP in summer,
where the convective activity is high and enough moisture is
available at the surface.

The fact that the positive correlation of AWT with pre-
cipitation in summer on the central TP is not as high as

in the western parts of the study region in winter means
that here the convection is able to produce precipitation us-
ing the moisture from local sources, which emphasizes the
importance of moisture recycling, as shown by Curio et
al. (2015) using HAR data and by Chen et al. (2012), Joswiak
et al. (2013), and Kurita and Yamada (2008), among others.
Nevertheless, AWT still has a positive effect on precipitation,
but it is not an essential control during this time of the year
on the central TP.

Additionally, we calculated the vertically integrated atmo-
spheric moisture content for the HAR and repeated the cal-
culation of correlation for this variable. The results (Fig. S6
in the Supplement) show high positive correlations between
the atmospheric moisture content and precipitation through-
out the year, as expected. The correlation patterns can only
explain parts of the precipitation variability on the TP. This
highlights how highly effective the dynamic controls are on
precipitation variability, differentiated in space and time.

4.2 Sources of uncertainties

As always the uncertainty of the results mainly depends
on the accuracy of the data themselves, the aggregation of
hourly data to daily means, and the statistical methods used
to analyse the data. The HAR precipitation and other vari-
ables, e.g. wind speed and direction and temperature, have
been validated against other gridded data sets – global re-
analyses and remote sensing data – and observations from
weather stations by Maussion et al. (2011, 2014), as de-
scribed in Sect. 2.1.

NCDC station data were used to compare the results of
the precipitation clustering approach with observations. Fig-
ure 12 shows the precipitation classes for the station data and
for the associated HAR grid points and whether the obtained
clusters regarding the mean annual cycle of monthly precipi-
tation contribution to annual precipitation match (green dots)
or not (red dots). Overall, 27 of the 65 stations (41.5 %) fall
in the same cluster as the nearest HAR grid point. For 38 sta-
tions (58.5 %) this is not true, but most of them fall in clusters
with a very similar annual cycle or in clusters which are spa-
tially very close to the cluster to which the HAR grid point
belongs. This is especially the case in the mountain regions in
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Table 1. The percentage of NCDC stations falling in each of the seven possible HAR clusters. A value of 100 % would mean that all NCDC
stations falls in the same cluster as the nearest HAR grid point.

NCDC

Cluster 0 1 2 3 4 5 6

HAR

0 40 % 0 % 0 % 0 % 0 % 40 % 20 %

1 0 % 14.3 % 0 % 0 % 0 % 0 % 85.7 %

2 0 % 50 % 0 % 0 % 25 % 25 % 0 %

3 0 % 33.3 % 0 % 0 % 0 % 0 % 66.6 %

4 0 % 33.3 % 0 % 0 % 0 % 33.3 % 33.3 %

5 0 % 43 % 0 % 0 % 0 % 43 % 14 %

6 0 % 13 % 0 % 0 % 0 % 0 % 87 %

the western, the south-eastern, and north-eastern parts of the
domain, where at least four different clusters occur on very
small spatial scales. Table 1 shows which percentage of the
stations, which should all be in one specific class regarding
their associated HAR grid points, falls in which of the seven
possible classes. One has to take into account that there is
always a distance up to a few kilometres between the NCDC
stations and the respectively associated HAR grid point. This
also can cause huge differences between the elevation and al-
titude of stations and grid points due to the complex topog-
raphy of the study region, which in turn has an effect on the
precipitation distribution. Additionally, the quality of the sta-
tion data is not always satisfactory and the time series often
show gaps, leading to a smaller database.

We decided to use the wind speed at the 300 hPa level be-
cause the wind shear at this height more strongly suppresses
deep convection than at the 200 hPa level, where the core
of the jet lays. Also we assumed that the results would not
change overall using the wind speed at 200 hPa. To prove
this, we repeated the correlation analysis between wind speed
and precipitation for the wind speed at 200 hPa (Fig. S7 in the
Supplement). The results are very similar. The correlations at
the 300 hPa level (Fig. 3) are slightly higher because the neg-
ative effect of higher wind speeds on precipitation by cutting
off deep convection is higher at this level than at 200 hPa.

We varied the k for clustering from 5 to 9 (Fig. S8 in
the Supplement). We found 7 to be the optimal k for the re-
cent study since it gave us good coherence within the classes
and sufficient distinctions between them. We determined this
qualitatively by looking at the plots for the different num-
bers of clusters. We first conducted the cluster analysis with
five (Fig. S8a in the Supplement) clusters, like Maussion et
al. (2014). But since we included a much higher number of
grid points (we analysed the entire Tibetan Plateau), the re-
sults for the areas included in both analyses look slightly dif-
ferent, especially in the Karakoram and Tien Shan. By in-
creasing the number of clusters to six (Fig. S8b in the Sup-

plement), one cluster that covers most parts of the northern
part of the study region – the northern Tibetan Plateau and
Tarim Basin – breaks up into two clusters. Setting the number
to seven (Fig. S8c in the Supplement), we get more variation
in the Karakoram and Tien Shan which looks more similar to
the cluster distribution achieved by Maussion et al. (2014).
Using a higher number of clusters (Fig. S8d and e in the Sup-
plement) led to the occurrence of more clusters of smaller
size which are not as distinct from each other as the larger
ones. In general, it would be interesting to have more clusters
to get a higher spatial differentiation. But by increasing the
cluster number the spatial coherence decreases and therefore
the interpretability also decreases. We decided to use seven
clusters as a compromise between higher spatial differenti-
ation and less spatial coherence. Since the core areas of the
clusters stay stable while changing the number of clusters,
we assume that the clustering approach is suitable to analyse
the seasonality of precipitation on the TP.

Of course using different parameterizations and higher
spatial resolutions would change the precipitation values and
the spatial and temporal distribution of the precipitation. But
we assume that this would not change the main results of this
study since we use rank correlations which are independent
of the mean values and scaling of the input variables.

Using correlations we avoid problems regarding the ex-
act precipitation rates falling on the TP. Additionally the use
of the monthly percentage of annual precipitation as input
for the cluster analyses, to detect the precipitation seasonal-
ity in different regions of the TP, makes it possible to com-
pare regions, which exhibit distinctly different precipitation
amounts. This is a general aspect to keep in mind; the de-
cision to use mean daily data therefore has advantages and
disadvantages. A major advantage is the possibility to anal-
yse the processes from a climatological perspective, which
cannot be done on the basis of monthly data. But it is clear
that some information is lost by aggregation from hourly to
daily data. To test, how sensitive the results are regarding the
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use of different significance levels, we repeated the analysis
with the significance level 0.01 for the correlation between
wind speed in 300 hPa and precipitation (Fig. S9 in the Sup-
plement) and compared the results with the results gained
using 0.05 as significance level (Fig. 3). The resulting pat-
terns do not change very much. The areas with negative and
positive correlations are a little bit smaller, but the changes
occur where the values are already lower (at the borders of
the correlation patterns). The regions with the highest corre-
lations stay stable and even small areas of positive or negative
correlations do not disappear.

The number of precipitation days on which all analysis
depends is variable regarding the analysed months and re-
gions, but we assume that the condition of at least 13 precip-
itation days per grid point, applied for of all days of a specific
month during the study period 2001–2013, ensures a reason-
able data basis. Grid points which do not match this criterion
are excluded from further analysis.

Since we only look at the first two PCs, it is possible
that mechanisms controlling precipitation, which appear in
higher PCs, are not considered in this study. The current
study is limited to dominant patterns and thereby to the first
two PCs because they together explain more than 60 % of
the variance of the data. Patterns with lower explained vari-
ance and transient patterns will be the subject of a subsequent
study.

5 Conclusion

Gaining a better understanding of the relationship between
dynamical variables and precipitation and the underlying
processes is important since precipitation is the key element
of the hydrological cycle of the TP and the surrounding high
mountain ranges. Precipitation variability has a large im-
pact on the water availability in the densely populated down-
stream regions of India, Pakistan, and south-east Asia by di-
rectly governing river runoff by precipitation or with a time
lag by snowmelt.

This study shows that different factors influence precipita-
tion in different regions of the TP and adjacent high moun-
tain ranges during different times of the year and in different
ways. For example, the 300 hPa wind speed has a positive
effect in the western parts of the study region in winter and
spring, while it has a negative effect on precipitation on the
TP during summer. This clearly shows that the impact of the
midlatitude westerlies is strong, not only in winter by en-
hancing moisture advection for orographic and frontal pre-
cipitation in the western parts of the study region but also by
cutting off deep convection during summer on the TP and in
other regions and seasons where and when precipitation is
mainly convective.

The negative effect of high horizontal wind speeds on pre-
cipitation plays an important role in regions and seasons
which are dominated by convective precipitation, e.g. the Ti-

betan Plateau in summer (Maussion et al., 2014). The pos-
itive effect occurs in regions with mainly frontal/cyclonic
or orographic precipitation. Precipitation benefits from en-
hanced moisture transport by strengthened atmospheric flow,
especially when the moisture flow is lifted up by orographic
forcing. This plays an important role in our study region be-
cause of the high mountain ranges surrounding the Tibetan
Plateau.

Therefore, the TP and the entire study region can be parti-
tioned by considering the dominant form of precipitation that
occurs: cyclonic/frontal or convective precipitation. This en-
ables us to more clearly determine the relevancy/importance
of the monsoon system and the midlatitude westerlies for the
precipitation distribution. The classification of precipitation
has been determined by cluster analysis and shows a mostly
monsoonally influenced class, a convective class, and a hy-
brid class in between. This highlights that it is not possible to
draw an exact distinction regarding the extent of the monsoon
and that there will always be a relatively broad area between
monsoonally influenced precipitation and solely convection-
dominated precipitation caused by the interannual variability
of monsoon strength and other factors.

Perhaps it is possible to say that the precipitation on the
central TP in summer is influenced by the monsoon system
regarding moisture supply; however, moisture recycling is
also important, and the midlatitude westerlies act as a con-
trol regarding the suppression or enhancement of precipita-
tion due to the strong negative effect of high horizontal wind
speeds on the development of deep convection.

A next step will analyse the combined effects of precip-
itation controls, since the current study has shown that the
controls are not independent of each other. We intend to
use a combination of PCA of the detected dominant patterns
and cluster analysis to detect control regimes, as in Forsythe
et al. (2015), to obtain a climate classification for the Hi-
malayan arc and its surroundings. These regimes can perhaps
help to explain regional features of glacier mass balance, like
the so-called Karakoram anomaly (e.g. Hewitt, 2005) or ob-
served lake level changes (e.g. Liu et al., 2010; Zhang et al.,
2011), which show a different behaviour compared to the sur-
rounding regions.

6 Data availability

The High Asia Refined analysis (HAR) is available at
http://www.klima.tu-berlin.de/HAR. The ERA-Interim
reanalysis, provided by the European Centre for Medium-
Range Weather Forecasts (ECMWF), is available at http://
www.ecmwf.int/en/research/climate-reanalysis/era-interim.
The National Climatic Data Center (NCDC) provides
weather station data from the “Global Summary of the Day”,
available at http://www.ncdc.noaa.gov/oa/ncdc.html.
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The Supplement related to this article is available online
at doi:10.5194/esd-7-767-2016-supplement.
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